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A  Statement  of  Work  Approved 
Final  Goal: 

To  observe  cavity-coupled  [1]  excitonic  polaritons  in  ZnO  microcavities  composed  of  ZnO 
wavelength  (X)-cavity  and  high  reflectivity  distributed  Bragg  reflectors  (DBRs)  composed  of  p- 
AlGaN/GaN,  n-MgxZni_xO/MgyZni_yO,  or  Si02/Zr02  multiple  quarter-wavelength  (XI A)  layers 
for  future  realization  of  threshold-free  coherent  light  source  [2]  relying  on  Bose-Einstein 
condensation  of  cavity  exciton-polaritons.  Also,  to  obtain  fundamental  understandings  for 
recombination  mechanisms  of  excitonic  polaritons  in  ZnO.  Fabrication  and  characterization  of  p- 
n  devices  will  be  carried  out  if  we  succeed  to  observe  strong  coupling  regime  between  exciton 
polaritons  and  cavity  modes. 

Objectives: 

(1)  Growth  of  ZnO  and  MgZnO  epilayers  by  the  unique  epitaxial  growth  technique  called 
helicon-wave-excited-plasma  sputtering  epitaxy  (HWPSE)  method  [3]. 

(2)  Determination  of  exact  energies  of  longitudinal  and  transverse  excitons  in  polar  (0001)  and 
nonpolar  (1 1-20)  ZnO  epilayers. 

(3)  Characterization  of  the  epilayers  using  time-resolved  photoluminescence  (TRPL), 
photoluminescence  excitation,  photovoltaic,  and  transmittance  measurements  and  by 
modulation  spectroscopy  like  electroreflectance  (ER)  and  photoreflectance  (PR) 
measurements  [4]. 

(4)  Study  of  cavity-coupled  excitonic  polaritons  of  ZnO  microcavities  combined  with  ZnO  and 
high  reflectivity  distributed  Bragg  reflectors  (DBRs)  composed  of  p-AlGaN/GaN,  n-MgxZni. 
xO  /  MgyZm.yO,  or  Si02/Zr02  multiple  X/A  layers. 


B  Milestones  and  Deliverables  Originally  Planned 

Followings  are  the  original  plan  of  this  work. 

(i)  First  quarter  (Dec.  2004-Feb.  2005) 

To  grow  ZnO  and  MgZnO  alloy  single  epilayers  using  a  newly  settled  HWPSE  equipment. 
Since  it  has  a  load-lock  system,  we  will  be  able  to  improve  each  epilayer  quality.  Deposition  of 
Si02  and  Zr02  by  both  e-beam  (EB)  evaporation  and  HWPS  methods.  Reactive  HWPS  will  be 
carried  out  to  deposit  those  dielectric  insulating  films.  Growth  of  AIN  on  GaN/sapphire 
templates  using  NH3-MBE  will  also  be  carried  out. 

(ii)  Second  quarter  (Mar.  2005-  May  2005) 

To  fabricate  Si02  /  Zr02  DBR  by  EB  evaporation,  in  order  to  tune  the  central  wavelength  and 
reflectivity  stop  band  of  the  mirror.  We  have  fabricated  three-source  EB  system,  and  we  can 
deposit  those.  Simultaneously,  tuning  of  Si02  and  Zr02  deposition  by  HWPS  will  be  carried  out. 

To  grow  good  quality  ZnO  and  MgZnO  epilayers  using  appropriate  interlayers  (buffer  layers) 
on  the  (11-20)  sapphire  substrates.  Since  the  new  HWPSE  machine  has  multi-target  holder  by 
which  4  targets  can  be  used  without  the  growth  interruption,  heterostructures  will  be  grown. 

To  fabricate  AlN/AlGaN  heterostructures  by  NH3-MBE.  These  heterostructures  will  be  used 
for  the  high-reflectivity  mirror  for  the  excitonic  polariton  lasers. 

(iii)  Third  quarter  (Jun.  2005-  Aug.  2005) 

To  tune  the  deposition  conditions  for  the  best  dielectric  DBR  by  EB  evaporation  and  HWPS 
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methods.  We  will  use  a  combinatorial  approach  to  optimize  the  structure. 

To  grow  ZnO/MgZnO  heterostructures  on  the  buffer  layers.  These  epitaxial  structures  will  be 
looked  at  by  TRPL  and  positron  annihilation  methods.  Determination  of  the  exci tonic  polariton 
energies  will  be  carried  out. 

By  using  these  dielectric  and  MgZnO/MgZnO  or  AlN/AlGaN  DBRs,  test  structure  of  the  ZnO 
X-cavity  will  be  prepared.  Then  measure  the  reflectivity  as  a  function  of  the  incidence  angle. 

(iv)  Final  quarter  (Sep.  2005-  Nov.  2005) 

Fabrication  of  the  X-cavity  to  observe  cavity-coupled  excitonic  polaritons.  All  considerable 
structures  will  be  looked  at  by  temperature-dependent  reflectivity  measurements  to  see  the 
strong-coupling  regime  in  ZnO.  Thinning  of  the  ZnO  epilayer  will  be  carried  out  using  a  sort  of 
combinatorial  method  for  the  quick  optimization  of  the  structure.  Final  report  will  be  submitted 
by  the  end  of  December. 


C  Summary  of  the  results  (Dec.  2004-Nov.  2005) 

(1)  HWPSE  of  ZnO  and  MgZnO 

We  eventually  observed  excitonic  polariton  emissions  originating  from  transverse  and 
longitudinal  free  A-  and  B-excitons  at  9  K  from  ZnO  epilayers  grown  at  750  °C  by  HWPSE  on 
(11-20)  AI2O3  substrates  using  a  high-temperature-annealed  ZnO  self-buffer  layer  (HITAB). 

As  planned,  we  fabricated  and  settled  a  new  HWPSE  equipment,  which  has  a  multiple-target 
holder  that  can  hold  4  different  targets  enabling  the  growth  of  layered  structures  without 
exposing  interfaces  in  air.  Also,  since  it  has  a  load-lock  system,  we  succeeded  to  improve 
epilayer  qualities.  The  ZnO  epilayers  grown  on  (11-20)  AI2O3  substrates  had  very  smooth  surface 
with  0.26-nm-thick  atomic  layer  steps.  Also,  pole  figure  of  the  {10-11}  ZnO  peaks  exhibited 
perfect  six-fold  symmetry  peaks  without  any  amorphous-like  residues.  By  using  HITAB  on  (11- 
20)  AI2O3  substrates,  which  exhibited  very  narrow  FWHM  for  the  (0002)  x-ray  rocking  curve  as 
small  as  25  arcsec,  we  eventually  observed  excitonic  polariton  emissions  originating  from  free 
A-  and  B-excitons  at  9  K.  Single-phase  MgZnO  alloys  were  also  successfully  grown  by  HWPSE 
method.  These  achievements  enable  to  fabricate  MgZnO/ZnO  heterostructures  by  HWPSE. 

(2)  Determination  of  exact  energies  of  longitudinal  and  transverse  excitons  in  polar  (0001) 
and  nonpolar  (11-20)  ZnO  epilayers 

Using  (0001)  and  (11-20)  ZnO  epilayers  grown  by  laser-assisted  MBE  method,  we  determined 
exact  energies  of  excitonic  polaritons.  Polarized  optical  reflectance  (OR),  photoreflectance  (PR), 
and  photoluminescence  (PL)  spectra  of  the  bulk  and  epitaxial  ZnO  were  recorded  at  8  K. 
Energies  of  PR  resonances  corresponded  to  those  of  upper  and  lower  exciton-polariton  branches, 
where  A-,  B-,  and  C-excitons  couple  simultaneously  to  an  electromagnetic  wave.  PL  peaks  due 
to  the  corresponding  polariton  branches  were  observed.  Longitudinal-transverse  splittings  (colt) 
of  the  corresponding  excitons  were  1.5,  11.1,  and  13.1  meV,  respectively.  The  latter  two  values 
are  more  than  two  orders  of  magnitude  greater  than  that  of  GaAs  being  0.08  meV.  Also, 

polarized  OR  and  PR  spectra  of  an  out-plane  nonpolar  (1120)  ZnO  epilayer  grown  by  laser- 
assisted  molecular  beam  epitaxy  (L-MBE)  were  measured,  since  ZnO  quantum  wells  (QWs) 
grown  in  nonpolar  orientations  are  expected  to  show  higher  emission  efficiencies  due  to  the 
elimination  of  both  spontaneous  and  piezoelectric  polarization  fields  normal  to  the  QW  plane. 
They  exhibited  in-plane  anisotropic  exciton  resonances  according  to  the  polarization  selection 
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rules  for  anisotropically-strained  wurzite  material. 

(3)  Characterization  of  ZnO  epilayers  by  time-resolved  photoluminescence  (TRPL)  and 
monoenergetic  positron  annihilation  methods,  and  elimination  of  point  defects  as  a 
fundamental  pathway  in  improving  quantum  efficiency  of  excitonic  emissions  in  ZnO 
epilayers  grown  by  L-MBE 

Impacts  of  point  defects  on  the  nonradiative  processes  in  L-MBE  ZnO  were  studied  using 
time-resolved  PL  making  a  connection  with  the  results  of  positron  annihilation  measurement. 
Free  excitonic  PL  intensity  at  room  temperature  naturally  increased  with  the  increase  in 
nonradiative  lifetime  (Tnr).  The  value  of  Tnr  increased  and  density  or  size  of  Zn  vacancies  (Vzn) 
decreased  with  increasing  growth  temperature  (T„)  in  heteroepitaxial  films  grown  on  a 
ScAlMg04  substrate,  and  the  use  of  homoepitaxial  substrates  further  reduced  Vzn  density.  The 
value  of  Tnr  was  shown  to  increase  with  the  decrease  in  gross  density  of  neutral  and  positively- 
and  negatively-charged  point  defects  including  complexes  rather  than  with  the  decrease  in  VZn 
density.  The  results  indicate  that  nonradiative  recombination  process  is  governed  not  by  single 
point  defects,  but  by  certain  defects  introduced  with  the  incorporation  of  VZn,  such  as  Vzn-defect 
complexes.  As  a  result  of  point  defect  elimination  by  growing  the  films  at  high  T%  followed  by 
subsequent  post-growth  in  situ  annealing,  combined  with  the  use  of  HITAB  ZnO,  a  record  long 
xnr  for  the  spontaneous  emission  as  long  as  3.8  ns  was  obtained  at  room  temperature.  Also,  rich 
structures  due  to  longitudinal-transverse  splitting  of  exciton-polaritons  and  excited  states  of 
excitons  were  found  in  the  low-temperature  PL  spectrum  of  the  epilayer  that  exhibited  r|int=6.3% 
at  300  K.  By  using  progressively  improving  epitaxial  growth  methods,  polariton  laser  effect  due 
to  Bose  condensation  will  be  observed  at  room  temperature  in  the  near  future. 

(4)  Dielectric  SiO^ZrCh  distributed  Bragg  reflectors  for  ZnO  microcavities  prepared  by 
reactive  helicon-wave-excited-plasma  sputtering  and  e-beam  evaporation 

To  deposit  Si02  /  Zr02  multilayer  structures  for  DBR  application,  we  prepared  another  HWPS 
equipment  for  reactive  helicon-wave-excited-plasma  sputtering  (R-WHPS),  which  has  a  dual¬ 
target  holder.  By  using  the  machine,  R-HWPS  method  was  developed  to  fabricate  high 
reflectivity  (R)  DBRs  tuned  at  the  resonance  wavelength  of  B-excitons  in  ZnO  (366.5  nm) 
employing  quarter-wavelength  multilayers  of  Si02  and  Zr02  dielectric  films.  According  to  the 
surface-damage-free  nature  and  better  stoichiometry  controllability  of  R-HWPS  method,  dense 
films  exhibiting  ideal  refractive  indices  (1.46  for  Si02  and  2.10  for  Zr02  at  633  nm,  being  similar 
to  the  bulk  values)  having  small  root-mean- square  (RMS)  values  for  the  surface  roughness  (0.20 
nm  for  Si02  and  0.53  nm  for  Zr02)  were  deposited  at  room  temperature  using  Si  and  Zr  targets 
and  O2  gas.  Optical  reflectance  spectra  of  the  Si02/Zr02  DBRs  agreed  with  those  calculated 
using  the  optical  multilayer  film  theory,  and  the  8 -pair  DBR  exhibited  R  higher  than  99.5%  at 
around  366.5  nm  and  the  stop-band  width  ( R  >95%)  as  broad  as  82  nm.  These  values  were 
indeed  better  than  those  obtained  from  the  films  /  DBRs  fabricated  by  e-beam  (EB)  evaporation 
method.  The  results  indicate  that  R-HWPS  is  a  suitable  technique  for  the  sputtering  of  insulating 
films,  especially  to  fabricate  the  DBRs  for  the  realization  of  polariton  lasers  using  ZnO 
microcavities. 

(5)  Growth  of  AIN  on  GaN/sapphire  templates  using  NH3-MBE  for  DBR  application 

As  the  first  step  to  fabricate  AlGaN/AlGaN  heterostructures  for  our  DBR,  AIN  films  were 
grown  by  NH3-MBE.  Temporal  evolution  of  surface  morphology  in  NH3-MBE  AIN  epilayers  on 
the  MOVPE-grown  GaN  /  (0001)  AI2O3  epitaxial  templates  was  correlated  with  changes  in  sign 
and  degree  of  the  residual  strain  by  increasing  the  layer  thickness.  They  began  to  crack  for  the 
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thickness  as  thin  as  10  nm.  However,  atomic-layer  step-and- terrace  surface  structures  were 
maintained  for  the  thickness  up  to  32  nm.  Tensile  biaxial  stress  decreased  with  further  increase  in 
the  thickness  due  to  the  lattice  relaxation,  which  caused  surface  roughening.  An  1580-nm-thick, 
nearly  strain-compensated  AIN  epilayer  exhibited  excitonic  photoluminescence  (PL)  peaks  at 
6.002  and  6.023  eV  at  9  K  and  a  near-band-edge  peak  at  5.872  eV  at  293  K.  We  will  grow 
ALN/AlGaN  or  AlGaN/AlGaN  DBRs  in  the  future. 
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Report  on  “In-situ  monitoring  of  Zn  and  Mg*  species  during  HWPSE  of  ZnO 
and  Mg0.06Zn0.94O  films,  and  observation  of  excitonic  polariton  emissions  from 
ZnO  epilayers  using  HITAB  base  layer” 

Abstract 

Atomic  species  in  the  sputtered  plumes  from  pure  ZnO  and  ZnO-MgO  (94:6  mol%)  targets 
were  identified  by  means  of  plume  emission  spectroscopy  (PES)  during  helicon-wave-excited- 
plasma  sputtering  epitaxy  (HWPSE).  Dominant  Zn  and  Mg  species  detected  by  PES  were  excited 
neutral  zinc  (Zn  )  and  magnesium  (Mg  ),  respectively.  Their  densities  were  uniquely  controlled 
by  the  target  bias  (Vt)  that  accelerates  the  velocity  of  Ar  cations,  keeping  the  gross  plasma  density 
constant.  The  growth  rate  was  principally  limited  by  the  densities  of  Zn  and  Mg  ,  as  well  as 
nonradiative  species  such  as  Zn-O  and  Mg-O,  and  the  MgO  molar  fraction  x  in  the  MgxZni.xO 
epilayers  nearly  agreed  with  that  of  the  target  between  500  and  650  °C.  Structural  qualities  of  the 
epilayers  were  significantly  improved  by  the  use  of  nearly  lattice-matched  substrates  having 
proper  surface  arrangements.  The  o-axis-locked  single-domain  (0001)  MgxZni_xO  epitaxy  was 
accomplished  on  an  uniaxially  quasi-lattice-matched  (11-20)  AI2O3  substrate.  The  epilayers  had 
atomically-smooth  surfaces,  and  0.26-nm-high  monolayer  steps  were  observed  in  ZnO  epilayers. 
Also,  the  pole  figure  of  the  {10-11}  ZnO  peaks  exhibited  perfect  six-fold  symmetry  peaks 
without  any  amorphous-like  residues.  The  ZnO  films  grown  at  low  temperature  (300  °C)  on  (11- 
20)  AI2O3  substrates  and  subsequently  annealed  at  high  temperature  (900  °C)  had  very  smooth 
surface  exhibiting  small  FWHM  value  for  the  (0002)  x-ray  rocking  curve  as  small  as  25  arcsec. 
These  layers  named  HITAB  were  used  as  a  self-buffer  for  the  high  temperature  growth  of  ZnO. 
By  using  HITAB,  we  eventually  observed  exciton-polariton  emissions  originating  from 
transverse  and  longitudinal  free  A-  and  B-excitons  at  9  K  from  ZnO  epilayers  grown  at  750  °C. 
Single-phase  Mg0.06Zn0.94O  alloys  were  also  successfully  grown  by  HWPSE  method.  The  ZnO 
and  Mg0.06Zn0.94O  epilayers  exhibited  a  predominant  near-band-edge  photoluminescence  peak  at 
room-temperature  (3.29  and  3.36  eV,  respectively).  These  achievements  encourage  us  to 
fabricate  MgZnO/ZnO  heterostructures  by  HWPSE. 

Introduction 

In  recent  years,  wurzite  ZnO  and  related  alloys  MgxZni_xO  and  CdyZni.yO  are  attracting 
attention  as  promising  candidates  for  the  use  of  light  emitters  and  detectors  operating  in  visible  to 
ultraviolet  (UV)  spectral  regions  due  to  their  large  bandgap  energy  (Eg)  covering  from  3.3  eV  for 
ZnO  to  4.5  eV  for  Mgo.5Zno.5O  [1],  To  fabricate  UV  optoelectronics  devices,  formation  of 
ZnO/MgxZni_xO  heterostructures  and  quantum  wells  having  abrupt  interfaces  is  one  of  the 
essential  issues.  However,  the  MgxZni.xO  alloy  growth  is  still  immature,  since  the 
thermodynamic  solid  solubility  of  MgO  in  ZnO  has  been  reported  to  be  smaller  than  4  mol%  at 
1200  °C  [2],  primarily  due  to  the  large  structural  dissimilarity  between  wurzite  ZnO  and  rocksalt 
MgO.  This  structural  gap  essentially  causes  a  phase  separation  and  segregation  triggered  by  the 
strain,  and  limits  the  maximum  MgO  molar  fraction  x  in  MgxZni_xO  films  up  to  0.5  [1]. 
Moreover,  structural,  electrical,  and  optical  characteristics  of  single  phase  wurzite  MgxZni.xO 
alloy  films  strongly  depend  on  the  growth  conditions  as  well  as  the  growth  methods. 

Epitaxial  ZnO  and  MgxZni.xO  films  have  been  grown  by  a  variety  of  methods  such  as  laser- 
assisted  molecular  beam  epitaxy  (L-MBE)  [3-9],  MBE  [1,10-15],  chemical  vapor  deposition 
(CVD)  [16,17],  and  metalorganic  vapor  phase  epitaxy  (MOVPE)  [18,19].  However,  few  reports 
have  been  published  on  the  sputtering  deposition  of  MgxZni.xO  alloy  films  [20],  Sputtering 
methods  can  prepare  large-area  films  of  well-controlled  compositions  economically.  The  growth 
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rate  can  be  adjusted  high  enough  for  thick  films  and  low  enough  for  ultrathin  films  principally  by 
changing  the  sputtering  rate  of  the  target.  Therefore,  metals  of  high  melting  temperature, 
transparent  conducting  oxides,  and  photovoltaic  layer  structures  have  been  prepared  by  sputtering 
techniques.  However,  there  are  some  essential  problems  such  as  resputtering  and  surface  damage 
caused  by  high  energy  sputtering  particles.  In  order  to  overcome  these  problems  and  to  make  use 
of  the  advantages  of  sputtering  techniques  for  thin  film  epitaxy,  the  authors  have  proposed  [21] 
the  use  of  helicon-wave-excited  plasma  (HWP),  of  which  physics  and  experiments  have  been 
reported  in  early  90's  [22-25],  as  a  sort  of  remote  plasma  source.  As  a  result  of  the  process 
optimization,  epitaxial  growth  of  ZnO  on  (0001)  AI2O3  substrates  has  been  realized,  and  the 
technique  was  named  helicon-wave-excited-plasma  sputtering  epitaxy  (HWPSE)  [26], 

In  this  report,  results  of  plume  emission  spectroscopy  (PES)  on  ZnO  and  ZnO-MgO  (94:6 
mol%)  targets  are  shown  to  identify  the  atomic  species  responsible  for  the  MgxZni_xO  epitaxial 
formation.  The  dominant  Zn  and  Mg  species  detected  by  PES  were  excited  neutral  Zn  (Zn  )  and 
Mg  (Mg  ),  respectively.  Their  densities  were  found  to  be  uniquely  controlled  by  the  target  bias 
that  accelerates  the  Ar  cation  velocity.  The  growth  rate  is  considered  to  be  limited  by  the 
densities  of  them  and  nonradiative  species  such  as  Zn-O  and  Mg-O.  The  ZnO  and  Mg0.06Zn0.94O 
epilayer  qualities  were  significantly  improved  by  the  use  of  the  substrates  having  smaller  lattice- 
mismatch  and  proper  surface  arrangement.  The  structural  quality  of  ZnO  epilayers  were 
significantly  improved  by  the  postgrowth  in-situ  annealing  at  temperatures  higher  than  850  °C. 
By  using  high-temperature-annealed  ZnO  self-buffer  (HITAB),  we  eventually  observed  excitonic 
polariton  emissions  originating  from  transverse  and  longitudinal  free  A-  and  B-excitons  at  9  K 
from  ZnO  epilayers  grown  at  750  °C.  The  bandgap  of  Mg0.06Zn0.94O  films  was  confirmed  by 
optical  reflectance  (OR)  and  photoluminescence  (PL)  measurements  to  be  larger  than  that  of  ZnO, 
indicating  the  formation  of  single-phase  semiconductor  alloys  by  the  HWPSE  method. 

Experiment 

The  ZnO  and  Mg0.06Zn0.94O  films  were  grown  using  the  HWPSE  apparatus  [26,27].  A 
99.999  %-pure  undoped  ZnO  or  a  99.99  %-pure  undoped  ZnO-MgO  (94:6  mol%)  thermally 
synthesized  target  was  placed  on  the  target  holder.  The  HWP  excited  in  a  quartz  tube  from  the 
99.9995  %-pure  Ar  /  99.99995  %-pure  O2  mixture  was  introduced  into  the  chamber  by  the  weak 
magnetic  field  gradient,  and  the  velocity  of  Ar  cations  onto  the  target  was  accelerated  by  the 
negative  dc  target  bias  (Vt)  applied  on  back  of  the  holder.  Our  configuration  [21,26,27]  enabled 
depositing  thin  films  softly  due  to  the  elimination  of  plasma  bombardment  of  the  substrate, 
which  was  located  off-axis  from  the  azimuth  connecting  the  center  of  the  quartz  tube  and  the 
target.  Details  of  the  HWPSE  system  will  be  found  elsewhere  [26],  The  emission  from  the 
sputtered  plumes  was  introduced  to  a  monochromator  through  a  pure  quartz  viewport  that  is 
located  between  the  target  and  the  substrate.  Then,  it  was  dispersed  by  a  grating  and  detected 
using  a  charge-coupled  device  (CCD)  array. 

Approximately  0.6  -  1.0-|im-thick  ZnO  films  were  grown  on  (0001)  and  (11-20)  AI2O3 
substrates  and  on  the  (0001)  AIN  epitaxial  template  grown  by  low-pressure  MOVPE  [28],  which 
consisted  of  a  2-|im-thick  undoped  AIN  on  a  (0001)  AI2O3  substrate.  Structural  and  optical 
properties  of  the  AIN  template  will  be  found  elsewhere  [28,29].  The  AI2O3  substrates  and  AIN 
template  were  cleaned  by  organic  solvents  and  rinsed  in  a  DI  water.  They  were  loaded  into  the 
chamber  and  baked  in  vacuum  prior  to  the  growth.  The  growth  temperature  (Tg)  was  varied  from 
600  to  750  °C  (typically  700  °C). 

Approximately  100-nm-thick  ZnO  films  grown  at  low  temperature  (300-450  °C)  on  the 
nucleation  layer,  which  was  deposited  at  200  °C  and  subsequently  annealed  at  650  °C,  were 
subjected  to  subsequent  post-growth  annealing  at  900  °C,  in  order  to  confirm  if  ZnO  films  grown 


7 


by  HWPSE  can  be  used  as  the  high-temperature-annealed  self-buffer  (HITAB)  [30]. 
Approximately  1-pm-thick  ZnO  epilayers  were  grown  at  700-900  °C  on  these  HITAB  base  layers. 

Typical  rf  power  (PrfX  Vt,  background  pressure,  and  growth  pressure  were  700  W,  -360  V, 
4xl0~6  Torr,  and  5x10  4  Torr,  respectively.  Approximately  0.6  -  0.8  jam-thick  MgxZni_xO  films 
were  grown  exclusively  on  the  (11-20)  AI2O3  substrate,  since  the  film  qualities  of  ZnO  on  the 
(11-20)  AI2O3  substrate  were  found  during  the  course  of  this  work  to  be  superior  than  those  of 
the  films  grown  on  other  lattice-mismatched  substrates.  Somewhat  lower  T%  between  550  and 
650  °C  was  used  for  the  MgZnO  growth  (typically  600  °C).  Other  growth  parameters  were 
identical  to  those  used  for  the  ZnO  growth.  To  estimate  the  incorporation  rate  of  MgO  in  ZnO 
matrix  as  a  function  of  Ts,  the  film  was  also  deposited  at  70  °C.  The  MgO  molar  fraction,  x,  in 
the  MgxZii|.xO  films  were  quantified  by  electron-probe  micro  analysis  (EPMA). 

The  crystallographic  orientations  and  mosaicity  were  characterized  by  x-ray  diffraction 
(XRD)  measurements  with  a  four-axes  goniometer.  The  surface  morphology  was  observed  by 
atomic-force  microscopy  (AFM).  Near  normal-incidence  OR  spectra  were  measured  at  293  K 
using  a  white  light  from  a  Xe  lamp.  The  reflected  light  was  dispersed  by  a  grating  and  detected 
using  a  CCD  array.  The  PL  was  excited  by  the  325.0  nm  line  of  a  cw  He-Cd  laser  (15  mW),  and 
was  dispersed  by  a  67-cm-focal-length  grating  monochromator.  The  signal  was  detected  phase- 
sensitively  by  a  GaAs:Cs  photomultiplier. 

Results  and  Discussion 

Limiting  factors  of  ZnO  and  Mg0.06Zn0.94O  growth  by  HWPSE 

The  plume  emission  spectra  of  the  ZnO  target 
sputtered  under  Vt=  0  and  -360  V  (Pri-100  W)  are 
shown  in  Figs.  1(a)  and  1(b),  respectively.  The 
HWP  consisted  of  excited  species  of  oxygen  atom 
(O  ),  Ar  atom  (Ar  ),  oxygen  cation  (0+  ),  and 
oxygen  molecule  (02+  )  [31],  as  shown  in  Fig. 

1(a).  When  the  magnitude  of  Vt  was  increased  to  - 
360  V,  emission  lines  due  to  excited  zinc  atom 
(Zn  )  appeared  at  307  nm  [32],  while  the  intensity 
of  O  ,  Ar  ,  0+  ,  and  02+  were  nearly  unchanged, 
as  shown  in  Fig.  1(b).  Note  that  very  weak  Zn 
and  Zn+  signals  were  observed  even  for  Vt  =  0  V. 

This  is  due  to  the  weak  but  finite  HWP  velocity 
toward  the  target,  which  was  accelerated  by  the 
magnetic  field  gradient  and  the  magnet  on  back  of 
the  target  holder. 

The  intensity  of  Zn  increased  with  increasing 
IVil,  as  shown  by  closed  circles  in  Fig.  2(a).  The 
result  indicates  that  Zn  is  the  dominant  radical 
species  in  our  HWPSE  system,  and  its  density  can 
be  controlled  uniquely  by  Vt  that  changes  the 
velocity  of  Ar  cations,  keeping  the  gross  HWP 
density  constant.  This  feature  is  different  from 
that  for  the  conventional  sputtering  methods  such 
as  dc  and  rf  magnetron  sputtering,  in  which  the 
plume  density  is  proportional  to  the  plasma 


WAVELENGTH  (nm) 

Fig.  1  Plume  emission  spectra  of  undoped  ZnO 
target  sputtered  under  (a)  Vt  =  0  V  and  (b)  Vt  =  - 
360  V,  and  (c)  the  spectrum  of  undoped  ZnO- 
MgO  (94:6  mol%)  target  sputtered  under  Vt  =  - 
400  V  with  rf  power  of  700  W,  where  Vt  is  the 
target  bias.  Emission  lines  attributable  to  Zn  , 

1  $  t'Jf 

Zn  ,  Mg  ,  O  ,  02  ,  O  ,  Ar  ,  and  Ar  are 
indicated  by  respective  superimposed  combs 
(after  Ref.  [31]).  The  lines  at  307  and  285  nm 
are  due  to  Zn  and  Mg  ,  respectively. 


density.  Although  the  density  of  nonradiative 
species  such  as  Zn-O  may  also  increase  with  IVtl 
and  they  may  contribute  to  the  film  growth,  the 
growth  of  ZnO  by  HWPSE  is  considered  to  be 
mainly  limited  by  the  incorporation  of  O  from  the 
gas  phase,  because  the  growth  rate  was  extremely 
low  or  even  zero  if  O  was  not  added  in  the  Ar 
plasma.  The  growth  rate  was  proportional  to  the 
Zn  density,  as  shown  by  open  characters  in  Fig. 

2(a).  This  feature  is  similar  to  that  of  L-MBE.  The 
growth  rate  decreased  with  the  increase  in  T%  and 
the  film  growth  seems  to  have  a  threshold  Vt 
(around  -150  V  at  600  °C),  as  shown  in  Fig.  2(a). 

These  results  indicate  that  the  film  growth  rate  is 
limited  by  the  competition  of  Zn  flux  and 
reevaporation  rate  of  ZnO  due  to  the  oxygen 
deficiency. 

The  plume  emission  spectra  of  the  ZnO-MgO 
(94:6  mol%)  target  under  Vt  =  -400  V  is  shown  in 
Fig.  1(c).  In  addition  to  the  Zn  line,  the  emission 
line  due  to  the  excited  Mg  atom  (Mg  )  appeared  at 
285  nm  [32],  Their  intensities  simultaneously 
increased  with  the  increase  in  IVtl.  Therefore,  Mg 
is  considered  to  contribute  to  the  MgxZni.xO 
growth.  The  MgO  molar  fraction  x,  in  the  grown 
films  are  plotted  as  a  function  of  1/Tg  in  Fig.  2(b). 

The  value  of  x  was  close  to  that  of  the  target;  it 
increased  slightly  with  increasing  T%  with  the 
activation  energy  of  0.11  kcal/mol.  This  slight 
increase  may  be  due  to  faster  decrease  of  the 
sticking  coefficient  of  Zn  precursor  relative  to  that 
of  Mg  one  with  increasing  T%,  due  to  the  difference  in  their  vapor  pressures;  it  has  been  reported 
[7]  that  vapor  pressures  of  Zn  species  were  higher  than  those  of  Mg,  and  consequently  Zn  might 
preferentially  desorb  from  the  growing  surface  leaving  the  MgO-rich  solid  phase.  Accordingly,  in 
HWPSE,  x  in  the  epilayer  can  be  controlled  by  IVtl  and  T%,  in  addition  to  the  target  composition. 
The  value  of  x  at  600  °C  could  accidentally  be  identical  to  that  of  the  target.  Therefore  further 
investigation  of  x  as  functions  of  O2  partial  pressure  and  T%  is  necessary  to  disclose  the  limiting 
factors  that  control  the  solid  composition  in  HWPSE  of  semiconductor  alloys. 

Epitaxial  orientations  and  surface  morphologies 

Representative  0-20  XRD  patterns  of  the  ZnO  epilayers  grown  at  700  °C  on  (11-20)  and 
(0001)  AI2O3  substrates  and  on  the  (0001)  AIN  template  [ZnO/(ll-20)  AI2O3,  ZnO/(0001)  AI2O3, 
and  ZnO/(0001)  AIN/AI2O3,  respectively]  are  shown  in  Fig.  3(a).  All  the  ZnO  films  showed 
(0001)  orientation  growth,  and  the  values  of  full- width  at  half-maximum  (FWHM)  of  the  (0002) 
ZnO  diffraction  peak  (A20),  which  reflect  the  distribution  of  out-plane  lattice  constants,  were 
0.13°  for  ZnO/(  11-20)  A1203,  0.18°  for  ZnO/(0001)  AIN,  and  0.19°  for  ZnO/(0001)  A1203.  They 
seem  to  increase  with  the  increase  in  in-plane  effective  lattice  mismatch;  the  mismatches  are 
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Fig.  2  (a)Emission  intensity  of  Zn*  at  307  nm 
(closed  circles)  and  ZnO  growth  rate  (open 
characters)  as  a  function  of  magnitude  of  the 
target  bias  \Vt\.  The  growth  temperature  was 
varied  between  600  and  750  °C.  (b)  MgO  molar 
fraction  v  in  MgxZni_xO  films  as  a  function  of 
inverse  growth  temperature  (1  /Tg)  under  Vt  =  - 
400  V. 
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+0.08  and  +2.55  %,  respectively,  along  [11-20] 
and  [1-100]  ZnO  directions  for  ZnO/(  11-20) 
A1203,  +4.4  %  for  ZnO/(0001)  AIN,  and 
+18.3  %  for  ZnO/(0001)  AI2O3.  Therefore,  the 
increase  in  A20  can  be  explained  by  the 
enhanced  inhomogeneous  lattice  relaxation  in 
highly  lattice-mismatched  systems.  However, 
FWHM  values  of  the  (0002)  ZnO  co-scans 
(Aco),  which  mainly  reflect  the  crystalline 
mosaicity  in  c-axis,  were  0.48°  for  ZnO/(ll- 
20)  AI2O3,  1.10°  for  ZnO/(0001)  AIN,  and 
0.66°  for  ZnO/(0001)  A1203. 

The  in-plane  epitaxial  relations  of  the  ZnO 
epilayers  grown  on  the  (11-20)  and  (0001) 
AI2O3  substrates  were  confirmed  by  ^-scanning 
XRD  measurements  (data  not  shown)  [33]  to 
be  [11-20]  ZnO  //  [0001]  A1203  and  [1-100] 
ZnO  //  [0-110]  AI2O3  for  (0001)  ZnO/(ll-20) 
AI2O3  and  [11-20]  ZnO  //  [10-10]  A1203  for 
(0001)  ZnO/(0001)  AI2O3.  These  relationships 
are  the  expected  ones  giving  the  smallest 
lattice-mismatches  between  the  epilayers  and  the  substrates.  Figure  4  represents  the  XRD  pole 
figure  measured  for  {10-11}  reflection  of  the  ZnO  epilayers  grown  on  (11-20)  AI2O3.  Negligible 
amorphous-like  residue  was  found  for  the  film  grown  by  the  new  system,  indicating  that  the  use 
of  load-lock  and  purification  of  the  system  improved  the  interface  qualities.  Conversely,  the 
ZnO/(0001)  AIN  film  showed  a  multidomain  growth  whose  a-axes  were  parallel  to  either  (11- 
20)  or  (10-10)  AIN.  One  of  the  reasons  for  the  multi-domain  growth  is  attributed  to  the  small 
difference  in  the  effective  lattice-mismatches  between  the  epitaxial  relations  [11-20]  ZnO  //  [11- 
20]  AIN  (+4.4  %)  and  [11-20]  ZnO  //  [10-10]  AIN  (-9.7  %).  Another  reason  for  the  multidomain 
growth  and  the  large  c-axis  mosaicity  may  be  the  presence  of  Al-suboxynitrides  at  the  ZnO/ AIN 
interface  due  to  the  natural  oxidation  of  the  AIN  surface,  since  the  pregrowth  surface  treatment  of 
AIN  is  in  principle  difficult  and  the 


Fig.  3  XRD  9-20  scan  profiles  for  (a)  ZnO/(ll-20) 
AI2O3,  ZnO/(0001)  AI2O3,  and  ZnO/(0001) 
A1N/(0001)  A1203.  (b)  Those  for  Mgo.o5Zn0.950/(  1 1- 
20)  AI2O3  and  Mg0.06Zn0.94 0/(1  l-20)Al2O3. 


overlayer  (ZnO)  contains  O  in  the 
matrix.  Formation  of  polycrystalline 
spinel  ZnA^Oa,  whose  c-axis 
length  is  0.80848  nm,  at  the 
ZnO/AIN  interface  [34]  is  also 
probable.  Moreover,  formation  of 
inversion  domains  must  be 
considered,  since  most  of  Ill-nitride 
epilayers  grown  by  MOVPE  grow 
toward  the  (0001)  face  (group-III 
polarity)  [35,36]  while  ZnO 
epilayers  grown  by  L-MBE  usually 
grow  toward  the  (000-1)  face  (O- 
polarity)  [37],  Therefore,  proper 
deoxidation  and  purification 


{1011  }ZnO 


<f>  =  o° 


4>  =  0° 


ZnO/(1 120)AI2O3 
(old  system) 


ZnO/(1 120)AI2O3 
(New  system) 


Fig.4  XRD  pole  figure  measured  using  { 10-11 }  reflection  for  the 
ZnO  epilayers  grown  on  (11-20)  A1203  substrates  by  HWPSE. 
Negligible  amorphous-like  residue  was  found  for  the  film  grown 
by  the  new  system. 
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Fig.  6  AFM  image  of  ZnO  epilayers 
grown  by  HWPSE  at  777  °C. 


Fig.  5  AFM  images  of  (a)  ZnO  and  (b)  Mg0.06Zn0.94O  techniques  for  the  AIN  surface,  as  well  as 
epilayers  grown  on  (11-20)  A1203  substrates.  Cross-  the  insertion  of  an  appropriate  buffer  layer 

sectional  height  profiles  are  also  shown  in  the  bottom  ^  nece  for  a  single-domain  ZnO/AIN 

panels.  The  step  height  0.26  nm  corresponds  to  a  half  .  , 
of  the  e-lattice  parameter  of  ZnO.  heteroepitaxy. 

The  0-20  XRD  patterns  of 

Mg0.05Zn0.95O  and  Mg0.06Zn0.94O  epilayers  grown  on  the  in-plane  uniaxially  nearly  lattice- 
matched  (11-20)  AI2O3  substrates  are  shown  in  Fig.  3(b).  Both  of  the  films  showed  the  (0001) 
orientation  growth,  and  no  extra  phase  was  detected.  Also,  the  in-plane  epitaxial  relations  [11- 
20]  MgZnO  //  [0001]  AI2O3  and  [1-100]  MgZnO  //  [0-110]  AI2O3  were  confirmed  from  the 
results  of  ^-scanning  XRD  measurement.  Values  of  A20  and  Aco  of  the  (0002)  MgxZni.xO 
diffraction  were  0.17  and  0.60-0.65°,  respectively.  They  are  larger  than  those  of  ZnO  films  on 
the  (11-20)  AI2O3  substrates,  indicating  the  enhanced  compositional  fluctuation,  strain 
fluctuation,  and  tilting. 

The  ZnO  epilayer  grown  on  the  (11-20)  AI2O3  substrate  at  700  °C  had  a  smooth  surface  with 
atomically  flat,  approximately  50-100-nm-wide  two-dimensional  (2D)  terraces,  as  shown  in  the 
AFM  image  in  Fig.  5(a).  The  step  height  at  the  edge  of  the  2D  islands  was  0.26  nm,  which 
corresponds  to  a  half  of  the  c-axis  length.  Figure  6  also  shows  the  surface  morphology  of  the 
ZnO  epilayer  grown  using  a  new  system,  which  showed  atomic  layer  staircases.  On  the  other 
hand,  clear  step-and-terrace  feature  was  not  observed  for  the  Mg0.06Zn0.94O  film,  as  shown  in  Fig. 
5(b),  though  the  root-mean-square  (RMS)  roughness  of  the  film  was  as  small  as  0.38  nm.  The 
reason  for  the  irregular  surface  structure  may  be  the  shorter  terrace  width  due  to  the  insufficient 
surface  diffusion  length,  since  Ts  was  lowered  compared  to  the  ZnO  growth  in  order  to  improve 
the  RMS  roughness  value. 


Optical  properties 

OR  and  PL  spectra  of  ZnO/(ll-20)  AI2O3  and  MgxZni.xO/(  11-20)  AI2O3  (x  =  0.05  and  0.06) 
films  measured  at  293  K  are  shown  in  Fig.  7.  The  OR  spectra  exhibited  clear  interference  fringes, 
which  are  due  to  the  multiple  internal  reflection  between  the  surface  and  epilayer  /  substrate 
interface.  Usually,  OR  spectrum  of  a  direct  bandgap  semiconductor  thin  film  exhibits  excitonic 
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reflectance  anomalies  slightly  above  the  photon 
energy  at  which  the  multiple  interference  fringes 
vanish.  However,  such  structures  could  not  be  seen  in 
Fig.  7.  Therefore,  effective  exci tonic  bandgap  Eex 
was  defined  as  the  energy  at  which  the  fringes  vanish. 

This  method  seems  to  be  reliable,  since  Eex  of  the 
ZnO  film  determined  in  this  way  (3.30  eV  for  x=  in 
Fig.  7)  nearly  agreed  with  the  A-excitonic  resonance 
energy  (3.305  eV  [38])  of  the  ZnO  epilayer  grown  by 
the  L-MBE  method  at  room  temperature.  The  energy 
position  of  Eex  are  marked  by  the  arrows  in  Fig.  7. 

The  Eqx  values  obtained  for  the  M g \ Z n  i  - \ O  epilayers 
(3.45-3.48  eV  for  x=0.05-0.06)  are  larger  than  that  of 
ZnO,  and  the  values  are  comparable  to  that  reported 
for  the  Mg0.05Zn0.95O  epilayer  grown  by  L-MBE 
(=3.45  eV)  [7].  The  result  confirms  the  formation  of 
a  single-phase  MgZnO  semiconductor  alloys  using 
HWPSE  method. 

The  PL  spectrum  of  the  ZnO  film  exhibited  a 
predominant  near-band-edge  PL  peak  at  3.28  eV,  as 
shown  in  Fig.  7.  Since  the  energy  is  slightly  lower 
than  Eex  determined  from  the  OR  spectrum,  the  PL 
peak  is  assigned  as  being  due  to  the  recombination  of 
excitons  bound  to  certain  impurities  or  defects.  The 
FWHM  value  was  101  meV,  which  is  comparable  to 
that  of  the  films  grown  by  L-MBE  [38]  or  MBE  [39]. 

PL  spectra  of  the  Mg0.05Zn0.95O  and  Mg0.06Zn0.94O  films  also  exhibited  predominant  near-band- 
edge  peaks  at  3.34  and  3.36  eV,  respectively.  The  FWHM  values  were  as  large  as  190-330  meV, 
which  cannot  be  explained  by  the  classical  alloy  broadening  model  [40],  Also,  the  energy 
differences  between  Eex  and  the  PL  peaks  (Stokes-type  shifts)  were  as  large  as  110-120  meV. 
These  results  indicate  the  formation  of  band-tail  states  due  mainly  to  the  compositional 
inhomogeneity,  as  suggested  from  the  XRD  results.  Further  optimization  of  the  overall  growth 
process  is  needed  to  obtain  higher  quality  Mg0.06Zn0.94O  epilayers. 

Exciton-polariton  emissions  from  HWPSE  ZnO  on  high-temperature-annealed  ZnO 
self-buffer  (HITAB) 

To  further  improve  structural  and  optical  quality  of  ZnO  and  MgZnO  epilayers,  the  use  of 
high-temperature-annealed  ZnO  self-buffer  (HITAB)  [30]  is  considered  to  be  very  effective,  as  is 
the  case  with  L-MBE  of  ZnO  on  SCAM  substrate,  which  is  described  in  the  next  section  of  this 
report.  The  concept  of  HITAB  is  to  obtain  strain-free  and  structurally  coherent  ZnO  epitaxial 
base  on  a  nearly  lattice-matched  substrate  for  the  overlayer  epitaxial  growth  using  surface  mass- 
transport,  by  annealing  thin  ZnO  layer  grown  at  low  temperature  at  temperatures  higher  than  the 
overlayer  growth  temperature  [30],  In  this  work,  a  100-nm-thick  ZnO  layer  grown  at  300  °C  on  a 
crystallized  nucleation  layer  deposited  at  200  °C  on  a  (11-20)  AI2O3  substrate,  was  annealed  at 
900  °C  for  1  h  in  O2  ambient  (10~4  Torr).  Subsequently,  ZnO  epitaxial  overlayer  was  grown  at 
750  °C.  The  AFM  image  of  HITAB  base  layer  prepared  in  this  way  is  shown  in  Fig.  8.  Although 
the  surface  RMS  roughness  was  approximately  0.2  nm,  grain  boundaries  seen  in  Figs.  5  and  6 


x  Laser  plasma 


Fig.  7  PL  and  OR  spectra  of  MgxZn!_xO  (x  = 
0,  0.05,  and  0.06)  films  measured  at  293  K. 
The  downward  arrows  indicate  the  positions 
of  the  effective  excitonic  bandgap,  Eex. 
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Fig.  8  AFM  image  and  height  profile 
of  ZnO  HITAB. 


Fig.  9  PL  specta  at  9  K  of  1  -uni-thick  ZnO  epilayers  grown  by 
HWPSE  at  750  °C.  Red  curve  is  for  the  one  grown  on  HITAB 
base  layer  and  black  curve  is  for  the  one  grown  directly  on  (1 1- 
20)  A1203.  PL  spectrum  of  the  bulk  ZnO  crystal  [41]  is  also 
shown  for  comparison. 


due  to  the  small  lattice  mismatch 
between  ZnO  and  tt-axis  of  AI2O3 
(+0.08  %)  are  no  longer  seen  in 
wide-area,  and  FWHM  of  (0002) 

XRC  peak  was  greatly  reduced  to 
25  arcsec,  which  is  similar  to  that 
obtained  for  L-MBE  HITAB  grown 
on  SCAM  substrate. 

PL  spectra  at  9  K  of  approximately  1 -Jim-thick  ZnO  epilayer  grown  at  750  °C  on  the  HITAB 
base  (red  curve)  and  that  grown  directly  on  (11-20)  AI2O3  are  shown  in  Fig.  9.  In  Fig.  9,  PL 
spectrum  of  the  bulk  ZnO  (Eagle  Picher)  [41]  is  also  shown  in  logarithmic  vertical  scale  for 
comparison.  Different  from  the  PL  spectrum  of  the  ZnO  film  grown  directly  on  AI2O3, 
pronounced  free  A  exciton  peak  around  3.378  eV  and  shoulders  originating  from  longitudinal 
and  transverse  B  excitons  (B(0l  and  Bo>r,  respectively)  are  found  in  the  PL  spectrum  of  ZnO  on 
HITAB,  although  the  spectral  lineshape  is  broadened  due  presumably  to  the  lattice  strain 
inhomogeneity.  The  results  indicate  that  HWPSE  can  grow  good  quality  ZnO  film  for  cavity- 
coupled  polariton  laser  application,  when  appropriate  base  layer  is  prepared,  for  example, 
HITAB  ZnO  in  this  study. 


Conclusions 

Atomic  species  responsible  for  the  MgxZni_xO  formation  in  HWPSE  were  identified  to  be 
Zn  and  Mg  ,  as  well  as  nonradiative  species  such  as  Zn-O  and  Mg-O,  by  means  of  plume 
emission  spectroscopy.  The  Zn  and  Mg  emission  intensities  could  be  controlled  by  the 
magnitude  of  Vt,  which  accelerates  the  velocity  of  Ar  cations  onto  the  target,  independently  to  the 
gross  HWP  density.  The  growth  rate  was  essentially  limited  by  the  densities  of  active  Zn  and 
Mg  .  The  MgO  molar  fraction  in  the  MgxZni.xO  epilayers  grown  between  550  and  600  °C  nearly 
agreed  with  that  of  the  target  being  0.06.  The  importance  of  both  lattice-matching  and 
preparation  of  proper  surface  arrangement  of  the  substrate  was  shown,  and  the  use  of  in-plane 
uniaxially  quasi-lattice-matched  (11-20)  AI2O3  substrates  enabled  to  fabricate  ^-axis-locked, 
single-domain  epilayers  having  atomically  smooth  2D  terraces  with  monolayer  steps. 
Approximately  100-nm-thick  ZnO  layers  grown  at  low  temperature  (300-450  °C)  on  the 
nucleation  layer,  which  was  deposited  at  200  °C  and  subsequently  annealed  at  650  °C,  were 
subjected  to  subsequent  post-growth  annealing  at  900  °C.  These  layers  named  HITAB  had  very 
smooth  surface  exhibiting  small  FWHM  value  for  (0002)  x-ray  rocking  curve  as  small  as  25 
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arcsec,  and  were  used  as  a  self-buffer  for  the  high  temperature  growth  of  ZnO.  By  using  HITAB, 
we  eventually  observed  exciton-polariton  emissions  originating  from  transverse  and  longitudinal 
free  A-  and  B-excitons  at  9  K  from  ZnO  epilayers  grown  at  750  °C.  The  effective  bandgap  and 
PL  peak  energy  shifted  to  the  higher  energy  as  the  MgO  molar  fraction  increased.  HWPSE 
method  can  be  regarded  as  one  of  the  promising  epitaxial  fabrication  techniques  to  form  high- 
quality  quantum  heterostructures  having  atomically  abrupt  heterointerfaces  for  future  device 
applications. 
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Report  on  “Toward  the  realization  of  cavity  polariton  lasers;  Determination  of 
exciton-polariton  energies,  relation  between  the  nonradiative  lifetime  and 
point  defect  density,  and  elimination  of  point  defects  as  a  fundamental 
pathway  in  improving  quantum  efficiency  of  excitonic  emissions  in  ZnO 
epilayers  grown  by  L-MBE” 

Abstract 

Static  and  dynamic  responses  of  excitons  in  state-of-the-art  bulk  and  epitaxial  ZnO  were 
investigated  to  support  the  possible  realization  of  polariton  lasers,  which  are  coherent  and 
monochromatic  light  sources  due  to  Bose  condensation  of  exciton-polaritons  in  semiconductor 
microcavities  (MCs).  To  grasp  the  current  problems  and  to  pave  the  way  for  obtaining  ZnO 
epilayers  of  improved  qualities,  following  four  principal  subjects  are  treated:  (i)  Polarized  optical 
reflectance  (OR),  photoreflectance  (PR),  and  photoluminescence  (PL)  spectra  of  the  bulk  and 
epitaxial  ZnO  were  recorded  at  8  K.  Energies  of  PR  resonances  corresponded  to  those  of  upper 
and  lower  exciton-polariton  branches,  where  A-,  B-,  and  C-excitons  couple  simultaneously  to  an 
electromagnetic  wave.  PL  peaks  due  to  the  corresponding  polariton  branches  were  observed. 
Longitudinal-transverse  splittings  (cQlt)  of  the  corresponding  excitons  were  1.5,  11.1,  and  13.1 
meV,  respectively.  The  latter  two  values  are  more  than  two  orders  of  magnitude  greater  than  that 
of  GaAs  being  0.08  meV.  (ii)  Using  these  values  and  material  parameters,  corresponding 
vacuum-field  Rabi  splitting  of  exciton-polaritons  coupled  to  a  model  MC  mode  was  calculated  to 
be  191  meV,  which  is  a  record  high  value  ever  reported  for  semiconductor  MCs  and  satisfies  the 
requirements  to  observe  strong  exciton-light  coupling  regime  necessary  for  polariton  lasing 

above  room  temperature,  (iii)  Polarized  OR  and  PR  spectra  of  an  out-plane  nonpolar  (1120)  ZnO 
epilayer  grown  by  laser-assisted  molecular  beam  epitaxy  (L-MBE)  were  measured,  since  ZnO 
quantum  wells  (QWs)  grown  in  nonpolar  orientations  are  expected  to  show  higher  emission 
efficiencies  due  to  the  elimination  of  both  spontaneous  and  piezoelectric  polarization  fields 
normal  to  the  QW  plane.  They  exhibited  in-plane  anisotropic  exciton  resonances  according  to  the 
polarization  selection  rules  for  anisotropically-strained  wurzite  material,  (iv)  Impacts  of  point 
defects  on  the  nonradiative  processes  in  L-MBE  ZnO  were  studied  using  time-resolved  PL 
making  a  connection  with  the  results  of  positron  annihilation  measurement.  Free  excitonic  PL 
intensity  at  room  temperature  naturally  increased  with  the  increase  in  nonradiative  lifetime  (xnr). 
The  value  of  xnr  increased  and  density  or  size  of  Zn  vacancies  (Vzn)  decreased  with  increasing 
growth  temperature  ( T% )  in  heteroepitaxial  films  grown  on  a  ScAlMg04  substrate,  and  the  use  of 
homoepitaxial  substrates  further  reduced  Vzn  density.  The  value  of  xnr  was  shown  to  increase 
with  the  decrease  in  gross  concentration  of  neutral  and  positively-  and  negatively-charged  point 
defects  including  complexes  rather  than  with  the  decrease  in  Vzn  density.  The  results  indicate  that 
nonradiative  recombination  process  is  governed  not  by  single  point  defects,  but  by  certain  defects 
introduced  with  the  incorporation  of  Vzn,  such  as  Vzn-defect  complexes.  As  a  result  of  defect 
elimination  by  growing  the  films  at  high  Tg  followed  by  subsequent  post-growth  in  situ  annealing, 
combined  with  the  use  of  high-temperature-annealed  ZnO  self-buffer  (HITAB)  layer,  a  record 
long  xnr  for  the  spontaneous  emission  as  long  as  3.8  ns  was  obtained  at  room  temperature.  Also, 
rich  structures  due  to  longitudinal-transverse  splitting  of  exciton-polaritons  and  excited  states  of 
excitons  were  found  in  the  low-temperature  PL  spectrum  of  the  epilayer  that  exhibited  r|jnt=6.3% 
at  300  K.  By  using  progressively  improving  epitaxial  growth  methods,  polariton  laser  effect  is 
expected  to  be  observed  at  room  temperature  in  a  near  future. 
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Introduction 

ZnO  and  related  alloys  are  attracting  attention,  since  they  are  excellent  candidates  for  use  in 
visible  and  ultraviolet  (UV)  light  emitters,  transparent  field-effect  transistors,  sensors,  and 
piezoelectric  devices  as  well  as  transparent  conducting  oxides:  ZnO  has  a  large  exciton  binding 
energy  (59  meV)  [1]  and  a  large  bandgap  (3.4  eV)  comparable  to  that  of  GaN.  Rich  excitonic 
features  in  ZnO  have  been  investigated  over  40  years;  In  1960  Thomas  [2]  and  Hopfield  [3] 
assigned  the  sequence  of  three  separate  p-like  valence  bands  in  the  order,  T7VU,  Tgy  and  r^,1  with 
increasing  transition  energy  to  the  .s-like  T7C  conduction  band.  Excitons  related  to  the  respective 
valence  bands  are  referred  to  as  A-,  B-  and  C-excitons,  respectively.  On  the  contrary,  Reynolds  et 
al.  [4]  have  assigned  the  ordering  as  A-T^,  B-r7vu  and  C-I^1  by  means  of  polarized  optical 
reflectance  (OR)  and  magnetoluminescence  measurements.  Gil  [5]  has  supported  the  latter 
assignment  by  calculating  the  oscillator  strengths  of  the  respective  excitons  taking  the  short- 
range  electron-hole  exchange  interaction  into  account:  the  band  assignment  is  still  in  debate. 
Nevertheless,  both  models  predict  that  A-  and  B-transitions  are  allowed  for  the  light  polarization 
E  perpendicular  to  the  optic  (o)  axis  (ELc),  where  E  is  the  electric  field  component,  and  C- 
transition  is  essentially  allowed  for  the  light  polarization  E  parallel  to  the  c-axis  ( Ellc ).  The 
resonance  energies  of  the  ground-state  A-,  B-  and  C-excitons  in  strain-free  bulk  crystals  have 
been  determined  by  means  of  OR  measurements  [2,4,6]  to  be  approximately  £a=3.377, 
£b=3.386  and  £c=3.4215  eV  at  4.2  K. 

Since  excitons  in  ZnO  are  stable  at  room  temperature  [1],  ZnO  is  of  considerable  interest  for 
realization  of  cavity-coupled  polariton  lasers  [7]  operated  at  room  temperature  [8],  in  which  the 
coherent  light  amplification  is  induced  due  to  Bose  condensation  of  exciton-polaritons  [9],  the 
operation  principles  being  different  from  usual  semiconductor  lasers  based  on  the  population 
inversion  of  electron-hole  plasma.  Bulk  and  surface  exciton-polaritons  in  ZnO  single  crystals, 
where  A-,  B-  and  C  excitons  couple  simultaneously  to  an  electromagnetic  wave,  have  been 
investigated  by  Hummer  and  Gebhardt  [10]  and  Lagois  [11]  using  angular-resolved  OR  and 
attenuated  total  reflection  method.  They  have  fitted  the  spectra  theoretically  taking  the  exciton 
dead  layer  into  account  to  determine  the  energies  of  respective  upper  and  lower  polariton 
branches  (UPB  and  LPB,  respectively).  They  have  obtained  the  longitudinal-transverse  splitting 
(colt),  which  is  the  energy  difference  between  the  longitudinal  and  transverse  excitons  (o)L  and  o>r, 
respectively),  of  B-exciton  to  be  11  meV,  which  was  more  than  two  orders  of  magnitude  greater 
than  that  of  GaAs  being  0.08  meV.  Since  coLt  is  proportional  to  the  oscillator  strength  of  excitons 
and  represents  the  stability  of  exciton-polaritons,  the  value  predicts  gigantic  vacuum-field  Rabi 
splitting  (f^Rabi)  of  ZnO  microcavity  (MC)  polaritons  [8]. 

To  fabricate  light-emitting  diodes  (LEDs),  laser  diodes  (LDs)  and  polariton  lasers  having 
ultrathin  quantum  structures  of  abrupt  interfaces,  researches  on  the  epitaxial  formation  of  ZnO 
have  been  accelerated  using  a  variety  of  methods  such  as  laser-assisted  molecular  beam  epitaxy 
(L-MBE)  [12-16],  molecular  beam  epitaxy  (MBE)  [17-20],  chemical  vapor  deposition  [21], 
metal  organic  vapor  phase  epitaxy  [22],  and  helicon- wave-excited  plasma  sputtering  epitaxy  [23], 
As  a  result  of  the  research  progress,  clear  indication  that  excitonic  effect  is  obvious  even  at 
temperatures  higher  than  300  K  has  been  given  by  the  observation  of  stimulated  emissions  due  to 
the  strong  Coulomb  interaction  (excitonic  gain)  from  ZnO  epilayers  [12-14,18],  Moreover, 
attempts  to  grow  p-type  ZnO  by  N-doping  have  been  carried  out  [16,20,21]  and 
photoluminescence  (PL)  peaks  due  to  N  acceptor  have  been  investigated  [20,24,25],  Eventually 
Tsukazaki  and  co-workers  [26]  realized  the  reproducible  growth  of  N-doped  p-type  ZnO  by  the 
repeated-temperature-modulation  L-MBE  method,  and  observed  UV  and  visible 
electroluminescence  from  a  p-n  junction  LEDs  grown  on  high-temperature-annealed  ZnO  self¬ 
buffer  layers  [27]  on  nearly  lattice-matched  (0.09%  in-plane)  (0001)  ScMgA104  (SCAM) 
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substrates.  However,  undoped  ZnO  usually  shows  n-type  conductivity  with  high  residual  free 
electron  concentration.  The  source  of  free  electrons  has  been  attributed  to  positively  charged 
point  defects  such  as  Zn  interstitials  (Zn,j  and  O  vacancies  (Vo)-  On  the  other  hand,  the  role  of 
neutral  and  negatively  charged  defects  [28]  has  not  been  clarified  yet.  Since  quantum  efficiency 
(r|)  of  exciton  emissions  is  determined  by  radiative  and  nonradiative  recombination  lifetimes  (xr 
and  xnr,  respectively)  in  a  form  r|=l/(l+xl/xni),  it  is  an  important  task  to  find  the  origin  of 
nonradiative  recombination  centers  correlating  xnr  and  defect  species,  in  order  to  give  a  way  in 
eliminating  those  defects  to  improve  r|.  To  comply,  a  combination  of  analytical  methods  of  time- 
resolved  PL  (TRPL)  and  positron  annihilation  methods  is  effective  [29,30]. 

Positron  annihilation  [31-36]  is  an  established  technique  for  detecting  negatively  charged  (or 
neutral)  vacancy  defects  in  semiconductors.  An  implanted  positron  annihilates  with  an  electron 
and  emits  two  511  keV  y-rays,  which  are  broadened  due  to  the  momentum  component  of  the 
annihilating  positron-electron  pair.  Because  the  momentum  distribution  of  electrons  in  such 
defects  differs  from  that  in  defect-free  regions,  the  defects  can  be  detected  by  measuring  the 
Doppler  broadening  spectra  of  annihilation  radiation.  The  resulting  change  in  the  y-ray  spectra  is 
characterized  by  S  and  W  parameters  [31-35],  the  former  mainly  reflects  the  fraction  of 
annihilating  positron-electron  pairs  of  small  momentum  distribution  and  the  latter  represents  the 
fraction  of  the  pairs  of  large  momentum  distribution.  Since  Zn  vacancies  (Vzn)  and  their 
complexes,  which  have  negative  charges  forming  acceptor-type  defects  in  n-type  ZnO  [35],  are 
the  most  probable  candidates  of  positron  trapping  centers  in  ZnO,  S  and  IV  can  be  used  as  a 
measure  of  density  /  size  of  Vzn-  For  multilayer  structures,  characteristic  S  and  positron  diffusion 
length  (Ld)  in  each  layer  can  be  determined  by  using  a  monoenergetic  positron  beam  [32],  by 
which  the  mean  implantation  depth  can  be  adjusted.  The  analysis  [32-36]  involves  solving  the 
diffusion  equation  of  positrons  using  initial  implantation  profile  as  a  function  of  positron 
acceleration  energy  E.  The  value  of  Ld  can  be  used  as  a  measure  of  gross  density  of  positron 
trapping  centers  (VZn  and  VZn-complexes)  plus  positron  scattering  centers  (positively  charged  Vo, 
Zn;,  O  interstitials  Oj,  and  complexes),  because  both  of  them  shorten  Ld  [29,35], 

Recently,  wurzite  AlInGaN  grown  in  out-plane  nonpolar  orientations  such  as  (1100)  and  (11 

20)  faces  are  attracting  great  attention  [37,38],  since  the  strained  quantum  wells  (QWs)  formed 
on  nonpolar  faces  do  not  suffer  from  the  quantum-confined  Stark  effect  (QCSE)  due  to  the 
polarization  fields  [39],  which  severely  reduce  r|  in  polar  (0001)  QWs.  However,  the  growth  of 
ZnO  in  nonpolar  orientations  is  still  immature,  and  little  is  known  about  the  anisotropic  optical 
transitions  in  nonpolar  ZnO  epilayers  [40,41], 

In  this  report  section,  static  and  dynamic  responses  of  excitons  in  the  bulk  and  epitaxial  ZnO 
are  reviewed  to  support  the  fabrication  of  room-temperature  polariton  lasers  based  on  ZnO  MCs. 
Following  four  important  topics  are  treated  to  view  current  issues  and  to  indicate  a  way  in 
improving  epilayer  qualities:  (i)  Low  temperature  OR  and  photoreflectance  (PR)  spectra  of 
(0001)  ZnO  epilayers  exhibited  distinct  exciton-polariton  features  [41-43]  showing  that  A-  and 
B-exciton  resonances  dominate  the  spectra  according  to  the  polarization  selection  rules  [1-5] 
similar  to  the  case  for  the  optical  absorption  (OA)  spectra  [44,45].  Low  temperature  PL  spectra 
of  the  epilayers  grown  on  SCAM  as  well  as  the  bulk  ZnO  single  crystal  exhibited  corresponding 
excitonic  polariton  emissions  [6,41,43];  values  of  G)Lt  for  A-,  B-  and  C-exciton  polariton 
branches  were  obtained  to  be  1.5,  11.1  and  13.1  meV,  respectively,  (ii)  Using  these  values  and 
material  parameters,  £2Rabi  of  the  model  ZnO  MC  polaritons  [8]  was  calculated  to  be  191  meV, 
which  is  a  record  high  value  ever  reported  for  semiconductor  MCs,  and  the  value  satisfies  the 
requirements  to  observe  the  strong  exciton-light  coupling  regime  necessary  foe  polariton  lasing 

above  room  temperature,  (iii)  Polarized  optical  spectra  of  an  out-plane  nonpolar  (1120)  ZnO 
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epilayer  exhibited  in-plane  anisotropic  exciton  resonances  according  to  the  polarization  selection 
rules  for  anisotropically  strained  wurzite  material,  (iv)  PL  lifetimes  (Tpl)  of  the  films  at  room 
temperature  were  measured  by  TRPL  making  a  connection  with  the  results  of  positron 
annihilation  measurement,  to  correlate  the  nonradiative  recombination  centers  and  point  defects. 
Nonradiative  recombination  process  was  found  to  be  governed  not  by  single  point  defects,  but  by 
certain  defects  introduced  with  the  incorporation  of  Vzn  such  as  Vzn-defect  complexes.  Finally,  as 
a  result  of  defect  management  by  growing  the  films  at  high  T%  followed  by  subsequent  post¬ 
growth  in  situ  annealing,  combined  with  the  use  of  high-temperature-annealed  ZnO  self-buffer 
layers,  a  record  long  tnr  for  the  spontaneous  emission  as  long  as  3.8  ns  was  obtained  at  room 
temperature. 

Experiment 

Samples  investigated  were  (i)  undoped  bulk  ZnO  crystal  grown  by  the  seeded  chemical 
vapor  deposition  method  [4,6,20,35,46],  (ii)  an  approximately  1  -pm-thick  undoped  (0001)  ZnO 

epilayer  grown  by  radical-source  (RS-)  MBE  on  (1120)  AI2O3  [19,43],  in  which  the  a-axis  of  the 
epilayer  was  locked  uniaxially,  and  (iii)  50  nm  to  1-pm-thick  undoped  ZnO  epilayers  grown  by 
combinatorial  L-MBE  [26,27,30,35,41]  ablating  a  ZnO  single  crystal  target  [46]  using  a  KrF 

excimer  laser.  The  L-MBE  samples  were  heteroepitaxial  (0001)  ZnO  on  SCAM  substrates, 

homoepitaxial  (000 1 )  ZnO  on  a  ZnO  single  crystal  or  on  the  (000 1 )  ZnO  high-temperature- 
annealed  self-buffer  structures  prepared  on  SCAM  [27],  and  a  (0001)  ZnO  on  a  ZnO  single 
crystal.  Typical  Tg  was  between  550  and  1050°C.  Some  of  the  samples  grown  on  the  self-buffer 
were  annealed  during  the  postgrowth  cooling  under  controlled  O2  ambient  pressures,  (iv)  A 

nonpolar  (1120)  ZnO  film  on  (1012)  AI2O3  was  also  grown  by  L-MBE  at  650  °C  [41],  in  order  to 
study  the  effects  of  anisotropic  strains  on  the  band  structures.  Its  in-plane  orientation  was  [0001] 

ZnO  //  [Ol  1 1]  AI2O3,  and  the  value  of  full-width  at  half-maximum  (FWHM)  of  the  ZnO  (1120) 
x-ray  rocking  curve  (XRC)  was  as  large  as  1100  arcsec.  Note  that  those  of  ZnO  (0002)  XRC  of 
polar  films  were  comparable  to  those  of  the  substrates  [27] . 

OR,  PR,  PL,  photoluminescence  excitation  (PLE),  and  TRPL  measurements  were  carried  out 
as  a  function  of  temperature.  For  OR  and  PR  measurements,  a  white  light  from  a  300  W  Xe  lamp 
was  focused  on  a  desired  face.  For  the  polarized  OR,  PR,  and  PL  measurements  on  the  bulk  ZnO 

single  crystal,  both  a  well-developed  (0001)  face  and  a  cleaved  {1120}  face  were  examined.  The 
incidence  angle  was  smaller  than  15°,  and  that  for  the  PL  collection  was  0°.  Reflected  light  and 
PL  were  polarized  using  a  Glan-Thompson  prism  polarizer,  and  were  dispersed  by  a  67-cm- 
focal-length  grating  monochromator  after  passing  through  a  depolarizer.  PR  and  PL  spectra  were 
measured  using  the  325.0  nm  line  of  a  cw  He-Cd  laser  as  the  excitation  source.  PLE  spectra  were 
recorded  by  monitoring  the  lower  energy  tail  of  the  near-band-edge  bound  exciton  emissions 
(3.355  eV)  using  a  monochromatic  light  from  a  300  W  Xe-lamp.  The  spectral  resolution  was 
0.12  nm  (nearly  1  meV  at  the  wavelength  of  370  nm)  for  PR  measurement  and  0.006  nm  (nearly 
70  peV  at  the  wavelength  of  370  nm)  for  OR  and  PL  measurements.  Details  of  the  PR,  PL,  and 
OR  measurement  system  will  be  found  elsewhere  [47].  TRPL  measurements  were  carried  out  at 
293  K  using  a  frequency-doubled  mode-locked  Ti:Al203  laser  (362.5  nm,  120  nJ/cm2  per  pulse, 
~80  fs)  and  the  signal  was  collected  using  a  standard  streak-camera  acquisition  system.  The 
monoenergetic  positron  beam  line  [34,35]  was  used  to  determine  S  and  W  parameters  as  a 
function  of  E,  and  Ld  was  calculated  by  the  fitting  using  the  positron  diffusion  equation  based  on 
the  analysis  using  the  algorithm  named  VEPFIT  [36].  The  analytical  procedures  used  in  this 
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Fig.  1  (a)  PR  spectrum  at  8  K  of  a  50-nm-thick  (0001)  ZnO  epilayer  on  the  SCAM  substrate  (upper  trace) 
after  ref.  [42],  The  second  trace  shows  the  fitting  result  using  eq.  (1).  Bottom  three  traces  labelled  EX(A), 
EX(B)  and  EX(C)  represent  A-,  B-  and  C-exciton  components,  respectively,  in  which  the  resonance  energies 
Ea  (a=A,  B,  and  C)  are  shown  by  the  arrows.  Vertical  lines  labelled  acoL  and  acoj  show  the  energies  of 
longitudinal  and  transverse  a-exciton  in  the  strain-free  ZnO,  respectively,  which  are  taken  from  ref.  [10].  (b) 
PR  spectra  and  (c)  excitonic  transition  energies  as  a  function  of  temperature. 

study  were  similar  to  those  described  in  refs.  34  and  35. 

Results  and  Discussion 

PR  spectra  of  a  ZnO  film  grown  by  L-MBE 

In  order  to  determine  exciton  resonance  energies,  PR  method  is  known  to  be  useful  since  it 
is  a  contactless  form  of  the  electroreflectance  (ER)  method.  The  signal  is  obtained  as  the  change 
in  the  reflectivity  (A R)  due  to  the  external  light  (field)  modulation  divided  by  the  cw  reflectivity 
(/?),  and  therefore  A R/R  is  proportional  to  the  derivatives  of  the  dielectric  function  [48],  However, 
there  have  been  no  reported  results  on  the  PR  spectrum  of  ZnO  until  2002  [42],  though  ER 
spectra  have  been  investigated  intensively  from  1960's  [48,49].  PR  spectrum  at  8  K  of  a  50-nm- 

thick  (0001)  ZnO  epilayer  grown  by  L-MBE  on  the  SCAM  substrate  is  shown  by  the  top  trace  in 
fig.  1(a).  The  spectrum  exhibited  distinct  three  resonance  structures,  and  the  spectrum  was 
analyzed  by  the  low-field  electroreflectance  (ER)  lineshape  function  [50] 

^  =  Re|£C;A[to-£(y)  +  ,TJh|,  (D 

where  p= 3  is  the  number  of  the  spectral  function  to  be  fitted,  C;,  0;,  E(j),  and  T)  are  the  amplitude, 
phase,  exciton  resonance  energy,  and  broadening  parameter  of  the  yth  feature,  respectively.  m;  is  a 
parameter  that  depends  on  the  critical  point  type.  In  this  study,  the  value  m,=2  (exciton  transition) 
[50]  gave  the  best  fit  to  experimental  data.  The  fitting  result  is  shown  by  the  second  trace  in  fig. 
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Fig.  2  Dispersion  relation  of  exciton-polaritons. 
Dashed  lines  show  the  dispersion  of  isolated 
excitons  and  light  in  the  material.  Longitudinal- 
transverse  splitting  of  the  exciton  coLT,  which  is  the 
energy  difference  between  coL  and  coT  at  wavevector 
k= 0,  represents  the  stability  of  exciton-polaritons.  If 
k  is  locked  at  the  dotted  line,  the  energy  difference 
between  UPB  and  LPB  (vacuum  field  Rabi  splitting 
f^Rabi)  is  also  locked  to  have  larger  value  than  initial 
coLT,  indicating  that  the  coupling  between  the 
exciton  and  light  became  effectively  strong. 
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Fig.  3  (a)  OR  and  PR  spectra  at  8  K  of  a  high 
quality  ZnO  single  crystal  measured  under  the 
light  polarization  ELc  and  E//c,  where  E  is  the 
electric  field  component  and  c  is  the  optic  axis  [6], 
Ao>|,  Acol,  BcOj,  Bcol,  Ccot  and  CcoL  are  the 
energies  of  transverse  and  longitudinal  A-,  B-  and 
C-exciton,  respectively.  A(n=2)  and  B(n=2)  are 
resonances  due  to  the  first  excited  states  of  A-  and 
B-exciton,  respectively,  (b)  PL  spectra  of  the  ZnO 
bulk  single  crystal  [6]  and  approximately  1-p.m- 


thick  (0001)  ZnO  epilayers  grown  by  RS-MBE  on 

(112  0)  A1203  [43]  and  L-MBE  on  SCAM 
substrates  [41]. 


1(a).  The  bottom  three  traces  labelled  EX  (A), 

EX(B),  and  EX(C)  represent  A-,  B-  and  C- 
exciton  components,  respectively.  It  should  be 
noted  that  C-exciton  resonance  was  also 
observed  in  the  spectrum  due  to  the  finite 

incidence  angle  of  the  light.  Transition  energies  were  thus  obtained  to  be  EA= 3.378  eV,  £'B=3.386 
eV  and  £'c=3.425  eV,  and  the  energy  positions  are  indicated  by  arrows.  It  should  be  noted  that  rB 
and  Tc  were  9.3  and  21  meV,  respectively,  which  were  more  than  three  times  larger  than  rA  (2.7 
meV).  One  of  the  plausible  explanations  of  this  was  an  inhomogeneous  distribution  of  the 
residual  strain,  since  Ec  shifts  more  rapidly  than  Es  that  itself  shifts  more  rapidly  than  EA  under 
strain  [51].  However,  if  whole  rB  (9.3  meV)  was  attributed  to  inhomogeneous  distribution  of 
strain,  rA  and  Tc  are  to  be  2  and  12  meV,  respectively,  according  to  Gil  et  al  [51].  Although  this 
effect  should  not  be  disregarded,  the  Tc  value  was  too  large  to  be  accounted  only  for  the  strain 
inhomogeneity;  the  broadness  of  B-  and  C-transitions  was  explained  considering  the  contribution 
by  exciton-polaritons,  as  follows.  Note  that  the  dispersion  relation  of  exciton-polariton  is 
depicted  in  fig.  2.  According  to  Hummer  and  Gebhardt  [10],  colt  for  A-,  B-  and  C-excitons  are 
approximately  2,  11  and  16  meV,  respectively.  The  T  values  obtained  in  this  work  nearly  agreed 
with  them  [10];  (0l  and  o>r  for  the  respective  excitonic  polaritons  in  strain-free  ZnO  [11]  are 
shown  by  vertical  lines  in  fig.  1(a).  Since  the  epilayer  thickness  was  50  nm,  which  was  thinner 
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than  the  exciton  resonance  wavelength  X  in  the  material  and  is  not  an  integer  multiplication  of 
X/2,  it  may  be  difficult  to  pin  exciton-polaritons.  However,  the  precursor  of  polariton  formation 
is  considered  to  be  found  by  the  broadening  of  the  respective  exciton  structures.  Note  that  the 
large  colt  for  B-  and  C-excitons  is  indicative  of  large  oscillator  strength,  since  cOlt=/_lCOo/£o_l5 
where  f±  and  £o_l  are  the  oscillator  strength  and  the  dielectric  tensor  component  in  the  plane 
normal  to  the  optical  axis,  respectively,  and  coo  is  the  exciton  resonance  energy.  Indeed,  f±  of  B- 
and  C-excitons  have  been  reported  to  be  more  than  four  times  that  of  A-exciton  [2]. 

PR  and  ER  spectra  are  shown  as  a  function  of  temperature  in  fig.  1(b).  The  PR  signal 
intensity  due  to  A-transition  decreased  rapidly  with  the  increase  in  temperature,  and  the  spectra 
were  dominated  by  B-  (and  C-)  transitions  at  higher  temperatures.  The  result  was  consistent  with 
larger  f±  of  B-  (and  C-)  excitons.  The  dependence  of  EA  and  FE(A),  the  latter  being  free  A- 
exciton  emission  peak  energy,  on  temperature  can  be  fitted  by  the  Bose-Einstein  statistics,  as 
shown  by  the  solid  curve  in  fig.  1(c)  giving  an  Einstein  characteristic  temperature  ©e  of  380  K 
(33  meV  or  268  cm'1).  This  value  is  in  good  agreement  with  the  energy  maximum  of  the  low- 
energy  group  of  bulk  phonon  density  of  states  (8THz=33  meV  or  380  K)  [52]. 

Exciton-polaritons  in  ZnO 

Polarized  OR  and  PR  spectra  and  PL  spectra  at  8  K  of  a  high  quality  ZnO  single  crystal  [43] 
are  shown  in  figs.  3(a)  and  3(b),  respectively  [6].  For  ELc,  the  OR  spectrum  exhibited  strong 
anomalies  around  3.38  and  3.39  eV,  which  are  due  to  the  ground  state  (n=l)  A-  and  B-excitons, 
respectively.  In  addition,  remarkable  anomalies  were  observed  at  around  3.42  and  3.43  eV,  which 
were  assigned  to  the  first  excited  states  (n=2)  of  A  and  B-excitons,  respectively.  In  the  figure, 
positions  of  ci>r  and  col  for  A-,  B-  and  C-excitonic  polaritons  [11]  are  drawn  by  vertical  dotted 
lines  (labeled  Ao>i  ,  AcOl,  Bg>t,  BcOl,  Co>r,  and  CcOl).  Obviously,  the  PR  spectrum  exhibited  fairly 
noisy  but  fine  structures  at  those  energies,  implying  a  formation  of  exciton-polaritons.  The  PR 
signal  A R/R  given  by  eq.  (1)  is  deduced  as  [48-50] 

—  =  Re]  7  — — r  l  —  Re{(cx  /(3  )As  }  —  ccAs  <  +(3Ae2,  ^ 

R  ]n(e-ea)J 

where  n2=z,  n2=z a,  is  the  real  part  of  the  refractive  index,  Ae=A8i  +  iA82  is  the  perturbation- 
Table  1:  Exciton-polariton  parameters  in  ZnO  single  crystal  determined  by  the  OR  measurements  [6]  and 

those  in  free-standing  GaN  [53,54]  prepared  by  lateral  epitaxial  overgrowth  technique  and  subsequent 
substrate  polishing  [62]. 


Exciton 

Polarization 

ZnO  (meV)  [6] 

GaN  (meV)  [54] 

n=l 

n=2 

Eex 

COj 

03l 

COlt 

COj 

COlt 

Eex 

A(T9) 

3376.8 

3378.3 

1.5 

3423.1 

60 

3479.1 

1.34 

23.44 

B(T7) 

-L  (//) 

3383.0 

3394.1 

11.1 

3429.0 

53 

3484.4 

1.17 

23.6 

C(r7) 

//(l) 

3348.4 

3435.3 

13.9 

3467.9 

49 

3502.7 

0.27 

(20.3) 

22 


induced  change  in  the  dielectric  function  e,  and  a  and  (3  are  the  Seraphin  coefficients.  Equation 
(2)  implies  that  the  signal  A R/R  is  purely  sensitive  to  Ae;  i.e.  PR  method  monitors  exciton 
resonances  in  wide  bandgap  materials.  Therefore,  observation  of  exciton-polaritons  by  the  PR 
method  [6,42,43,47,53,54]  is  reasonable  since  they  represent  a  coupled  state  between  an 
electromagnetic  wave  and  excitons.  The  value  of  (Olt  for  the  B-excitonic  polariton  was 
confirmed  as  large  as  11.1  meV,  implying  the  large  oscillator  strength.  The  energies  obtained 
from  fig.  3  are  summarized  in  table  1,  together  with  the  data  obtained  for  GaN  [54],  For  Ellc,  the 
OR  spectrum  exhibited  a  strong  and  a  weak  anomalies  around  3.43  and  3.47  eV,  which  are  due 
to  n=l  and  n=2  C-exciton  resonances,  respectively.  As  is  the  case  with  A-  and  B-excitons,  PR 
signal  exhibited  fine  structures  at  Co>r  and  C(Ol,  giving  the  0)LT  of  C-exciton  as  large  as  13.9  meV. 
From  these  values,  the  spin-orbit  splitting  and  crystal  field  splitting  were  estimated  by  the  quasi- 
cubic  model  [3]  to  be  14  and  48  meV,  respectively. 

PL  spectra  of  the  ZnO  bulk  single  crystal  [6]  and  approximately  1  -pm-thick  (0001)  ZnO 

epilayers  grown  by  RS-MBE  on  (1120)  AI2O3  [43]  and  L-MBE  on  SCAM  [41]  are  shown  in  fig. 
3(b)  where  logarithmic  y-axis  is  used.  Sharp  PL  lines  between  3.355  and  3.372  eV  observed  in 
the  bulk  single  crystal  (bottom  trace)  have  been  assigned  to  a  series  of  bound  exciton  complex 
recombination  emissions.  Detailed  studies  on  these  lines  have  been  carried  out  by  several 
researchers  [4,20,25,46],  In  addition,  the 
PL  spectrum  exhibited  a  weak  but 
noticeable  peak  at  3.3941  eV  and  a 
shoulder  at  3.3830  eV.  They  were 
assigned  as  being  due  to  the  emission  of 
B(0l  and  Bo>r,  respectively,  since  the 
energy  agreed  with  those  determined 
from  the  OR  and  PR  spectra.  Although 
the  picture  is  not  clear,  PL  peaks  at 
3.3783,  3.3765  and  3.3755  eV  were 
found  in  the  bottom  spectrum  [6].  They 
were  essentially  polarized  to  ELc  and 
were  assigned  to  the  emission  of  AcOl 
and  Ao>r  and  a  bound  exciton, 
respectively,  judging  from  the  energy 
positions  [6],  Observation  of  these 
exciton-polariton  emissions  imply  that 
the  ZnO  single  crystal  was  of  good 
quality.  Since  the  exciton-polariton 
emissions  were  also  found  in  the 
improved  ZnO  epilayers,  as  shown  in  fig. 

3(b),  and  the  fabrication  of  p-n  junction 
LEDs  was  realized  [26],  epitaxial 
formation  of  ZnO-based  MCs  [8]  are 
now  considered  to  be  possible. 

The  calculated  exciton-polariton 
dispersion  in  the  model  MC  described 
below  is  shown  in  fig.  4(a).  The 
calculation  procedure  was  the  same  as 
that  carried  out  in  ref.  [8]  except  for 
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Fig.  4  Eigenenergies  of  the  ZnO  cavity  modes  versus  the 
incidence  angle.  Dotted  lines  indicate  the  positions  of  the 
unperturbed  modes:  "Light"  indicates  the  light  mode,  and 
A-,  B-  and  C-exciton  indicate  the  A-,  B-  and  C-exciton 
resonances  in  ZnO,  respectively.  The  inset  shows  the 
percentage  of  the  excitonic  components  and  the  photonic 
component  in  the  eigenmode  of  the  lowest  cavity-polariton 
state  versus  the  in-plane  wave  vector. 
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eigenenergies  of  A-,  B-  and  C-excitons  and  the  cavity  structure.  The  model  MC  considered 
herein  consisted  of  the  X  cavity  of  ZnO  sandwiched  between  8  pairs  of  Si02/Zr02  and  7  pairs  of 
Zr02/SiC>2  dielectric  distributed  Bragg  reflectors  (DBRs)  of  quarter-wavelength  layers  in  the 
bottom  and  top  mirrors,  respectively.  SiC>2  was  assumed  as  a  substrate.  The  cavity  photon  mode 
was  placed  at  3.383  eV  (366.5  nm  in  vacuum)  at  zero  detuning  from  the  B  exciton  resonance, 
since  the  B-exciton  has  a  large  colt  of  11.1  meV  and  polarized  to  ELc.  Refractive  indices  of  ZnO, 
Si02,  and  Zr02  at  366.5  nm  were  taken  as  2  [55],  1.48  [56],  and  2.1  [57],  respectively.  The  ZnO, 
Si02,  and  Zr02  layer  thicknesses  were  183.2,  61.9,  and  44.7  nm,  respectively.  In  fig.4,  four 
branches  arising  from  A-,  B-  and  C-exciton  resonances  and  the  cavity  light  mode  (denoted  by 
"Light")  are  shown.  Dotted  thin  lines  indicate  the  positions  of  the  corresponding  unperturbed 
modes.  Among  those,  the  lowest  polariton  branch  is  of  the  highest  interest  for  realization  of 
polariton  Bose  condensation  and  lasing.  The  inset  shows  the  percentage  of  the  excitonic 
components  and  the  photonic  component  in  the  eigenmode  of  the  lowest  cavity-coupled  polariton 
state  as  a  function  of  in-plane  wave  vector. 

Important  findings  are  following.  (I)  Zero  wavevector  is  locked  by  the  cavity  at  which 
unperturbed  B-exciton  resonance  and  light  line  crossover  (shown  by  dotted  line  in  fig.  2),  leading 
to  the  increase  in  £2Rabi  up  to  191  meV  due  to  the  enhanced  coupling  between  B-exciton  and  light 
modes.  This  value  is  the  highest  value  ever  recorded  for  semiconductor  MCs.  The  difference 
between  the  present  value  and  that  calculated  by  Zamfirescu  et  al.  (120  meV)  [8]  arose  from  the 


change  in  (Olt  values  of  excitons,  presumably  due  to  the  experimental  determination  of  the 
resonance  energies.  (II)  The  eigenfunction  of  the  fundamental  state  at  zero  incidence  angle  has 
less  than  50%  of  the  photonic  component  (see  the  inset),  which  is  essential  for  efficient  polariton 
relaxation  toward  the  ground  state  through  scattering  of  the  excitonic  component  with  acoustic 
phonons,  other  excitons,  and  free  carriers  introduced  in  the  cavity.  (Ill)  The  fundamental  state  has 
40%  B-excitonic  character  at  zero  incidence  angle  and  it  increases  to  80%  for  the  incidence  angle 
of  40°.  The  results  (II)  and  (III)  mean  that  B-excitonic  character  is  strongly  reflected  to  the  lowest 
polariton  branch  denoted  by  "A-exciton"  in  fig. 

4  [8],  in  which  Bose  condensation  of  polaritons  - - - - , 

is  expected  in  a  cavity  polariton  laser  structure  0T20)ZnOj — * - 1 - * - 1 - -i  o 

[9].  Using  the  values  listed  in  table  1  and  ^  r  8K  ;  E//  c_|  .  3 

polariton  dispersion  relation  given  in  fig.  4,  the  ^  r  0 

critical  density  of  formation  of  Bose  j>h  !  QR  ^ — *  j  Ej.c  ..  < 

condensation  of  exciton-polaritons  in  the  ^  !  r — *■  0 

model  MC  was  calculated  as  a  function  of  SS  r  y*'  iV-— - 4 — 

temperature.  As  a  result,  critical  temperature  of  W  r  - - H —  X _ I  pq 

610  K  was  given  from  the  exciton  dissociation  C- — \E-Lc_y/~\  ^  E,  E  -  ^ 

energy,  and  allowable  exciton  density  between  1—1  \  -  h 

lxlO12  cm"2  and  7xl013  cm"2  at  300  K  were  ^  fPLjE//c  i  -  ^ 

obtained  due  to  the  large  electron-hole  plasma  r  ■  .  ■  .  ,  j  ^ 

density  to  screen  excitons  (Mott  density  for  3.32  3.36  3.40  3.44  § 

excitons).  By  using  progressively  improving  PHOTON  ENERGY  (eV) 

epitaxial  growth  methods,  polariton  laser  effect 

due  to  Bose  condensation  will  probably  be  Fig.  5  Polarized  PR,  OR,  and  PL  spectra  at  8  K  of 
observed  at  room  temperature  in  the  near  t^e  ( ]  1 20 )  ZnO  epilayer  grown  on  (1012)  A1203 

future-  grown  by  L-MBE  at  650  °C  [41].  £)  and  E2 

represent  the  energies  of  exciton  transitions 
observed  for  ELc  and  E//c,  respectively,  in  OR  and 
PR  spectra. 


Excitons  in  nonpolar  face  ZnO 


24 


Table  2:  Exciton  parameters  in  anisotropically-strained  (1120)  ZnO  and  nearly  strain-free  (0001)  and  (0001) 
ZnO  epilayers  at  8  K. 


Strained  (1120)  ZnO 

Nearly  strain-free  (0001)  and  (0001)  ZnO 

Exciton3 

Polarization13 

Energy  (eV) 

Exciton 

Polarization 

Energy  (eV) 

£1 

£//[1100] 

3.402 

A 

£±[0001] 

3.377 

£2 

£//[0001] 

3.439 

B 

£±[0001] 

3.383(T),3.393(L) 

£3 

£//[!  120] 

Not  allowed 

C 

£//[0001] 

a  Notation  according  to  ref.  [58] 
b  Calculation  according  to  ref.  [58] 


Polarized  OR  and  PR  spectra  of  an  out-plane  nonpolar  (1120)  ZnO  epilayer  grown  by  L- 
MBE  exhibited  anisotropic  exciton  resonance  structures  [41]  according  to  the  polarization 
selection  rules  for  anisotropically-strained  wurzite  material  [58],  as  follows.  Polarized  PR,  OR, 

and  PL  spectra  of  (1120)  ZnO  measured  at  8  K  are  shown  in  fig,  5.  The  PR  and  OR  spectra 
exhibited  excitonic  resonance  structures  at  3.402  eV  and  3.439  eV  for  £1 c  and  E//c,  respectively. 
These  energies  were  higher  than  those  of  A-  (or  B-)  and  C-excitons  in  strain-free  ZnO  [1-6,59]. 
The  energy  shift  is  due  to  anisotropic  strains  [58]  caused  by  the  lattice  and  thermal  expansion 
mismatches.  The  strains  are  quantified  by  x-ray  diffraction  (XRD)  measurements  to  be  -0.41%,  - 

0.19%  and  +0.49%  along  [1100],  [0001]  and  [1120]  directions,  respectively,  where  minus  and 
plus  signs  represent  compressive  and  tensile,  respectively.  Since  these  anisotropic  strains  change 
the  crystal  symmetry  from  C7n,  to  C 2w,  the  labels  A,  B  and  C  can  no  longer  be  used.  Therefore, 
nomenclature  E\,  E2  and  £3  for  the  ground  state  of  the  three  excitons  are  used,  as  Ghosh  et  al. 

[58]  have  used  to  describe  exciton  structures  in  nonpolar  (llOO)  GaN.  They  have  calculated  the 
oscillator  strengths  and  transition  energies  of  excitons  in  anisotropically-strained  GaN  [58], 
which  has  C(n,  symmetry  and  valence  band  ordering  of  A-Tg,  B-r7  and  C-r7.  According  to  their 

calculation,  E\,  E2  and  £3  excitons  in  our  strained  (1120)  ZnO  are  predominantly  polarized  to  [11 

00],  [0001]  and  [1120],  respectively.  Therefore,  transition  structures  observed  under  ELc  (3.402 
eV)  and  Ellc  (3.439  eV)  are  assigned  to  E\  and  E2  transitions,  respectively,  as  shown  in  table  2. 

The  £3  transition  is  not  observed,  since  the  [1120]  direction  is  normal  to  the  surface.  Consistent 
with  the  polarization  selection  rules  for  the  E\  transition,  a  near-band-edge  PL  peak  at  3.384  eV 

in  the  (1120)  ZnO  film  is  polarized  to  ELc  (parallel  to  [1 100]).  Because  the  peak  energy  is  lower 
by  18  meV  than  the  E\  transition  energy,  the  peak  is  tentatively  assigned  to  16  peak  (3.36  eV  in 
strain-free  ZnO)  [60],  which  has  been  assigned  to  the  recombination  of  excitons  bound  to  a 

neutral  Al  donor  [59].  From  the  fact  that  state-of-the-art  nearly  strain-free  (0001)  and  (0001)  ZnO 
films  grown  by  L-MBE  exhibit  free  exciton  emissions  and  exciton-polariton  emissions  [27,41], 

as  shown  in  fig.  3,  residual  anisotropic  and  inhomogeneous  strains  in  the  (1120)  ZnO  film  are 
considered  to  degrade  the  electronic  quality  to  observe  free  excitons  and  simultaneously  to  cause 
the  broadening  of  FWHM  values  of  XRD  and  PL  peaks.  Therefore,  a  lattice  and  thermally- 
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matched  substrate  is  necessary  to  further  improve  the  exciton  spectra  of  the  (1 120)  ZnO  epilayers. 
Nevertheless,  the  observation  of  correct  in-plane  polarization  of  the  exciton  transitions  is 

encouraging  in  designing  (1120)  or  (1100)  nonpolar  face  devices  using  epitaxial  ZnO  grown  in 
nonpolar  orientations,  as  is  the  case  AlInGaN  materials  [37,38,58,61]. 

Exciton  dynamics  and  point  defects  in  ZnO  epilayers 


In  order  to  improve  overall  epilayer  qualities  for  the  realization  of  high  r|  LEDs  using  p-type 
ZnO,  it  is  an  important  task  to  figure  out  the  origin  of  nonradiative  recombination  centers 
correlating  Tnr  and  defect  species.  To  complete  this  purpose,  a  combination  of  analytical  methods 
of  TRPL  and  monoenergetic  positron  annihilation  methods  have  been  carried  out  [29,30,35,41], 
Representative  TRPL  signals  of  the  near-band-edge  emission  at  3.3  eV,  which  has  been  assigned 
to  the  free  exciton  emission,  for  the  ZnO  single  crystal  and  ZnO  epilayers  grown  by  L-MBE  on 
SCAM  measured  at  293  K  are  shown  in  fig.  6(a)  and  6(b),  respectively  [30],  The  bulk  ZnO 
exhibited  a  biexponential  decay  having  long  lifetimes  of  the  order  of  1  and  14  ns  for  the  fast  and 
slow  components,  respectively.  Both  of  them  represent  nonradiative  recombination  lifetimes 
originating  from  two  different  nonradiative  pathways.  Note  that  the  value  970  ps  was  comparable 
to  that  of  GaN  single  crystal  being  860  ps  [29,62],  suggesting  that  the  material  contained  small 
number  of  nonradiative  defects.  On  the  other  hand,  the  epilayers  showed  a  single  exponential 
decay  with  much  shorter  lifetimes.  Because  Tpl  at  293  K  is  in  general  dominated  by  Tnr  due  to  the 
activation  of  nonradiative  defects,  short  Tpl  values  for  the  epilayers  suggested  the  presence  of 
higher  density  nonradiative  defects  compared  with  the  bulk  crystal  at  that  time  [30,41], 
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Fig.  6  Representative  TRPL  signals  of  the  near-band-edge  emission  at  3.3  eV  for  (a)  the  ZnO  single  crystal 

and  (b)  L-MBE  films  measured  at  293  K.  Doppler  broadening  S  parameter  of  (c)  heteroepitaxial  (0001) 

ZnO  layers  on  SCAM  and  (d)  homoepitaxial  {0001}  ZnO  films  and  heteroepitaxial  nonpolar  (1120)  ZnO 

epilayer  on  (1012)  A1203  as  a  function  of  incident  positron  energy  E.  The  solid  curves  in  (c)  and  (d)  show 
the  results  of  fitting  the  experimental  data. 
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Nevertheless,  nonradiative  defect  density  in  ZnO/SCAM  was  considered  to  be  reduced  by 
increasing  Tg,  because  tpl  increased  with  the  increase  in  Ts,  as  shown  in  fig.  6(b). 

S  parameter  of  heteroepitaxial  (0001)  ZnO  layers  on  SCAM  and  that  in  homoepitaxial 

{0001}  ZnO  films  and  nonpolar  (1120)  ZnO  epilayer  are  shown  as  a  function  of  incident 
positron  energy  E  in  figs.  6(c)  and  6(d),  respectively  [30,35].  The  mean  implantation  depth  of 
positrons  is  shown  in  the  upper  horizontal  axis.  The  increase  in  S  at  low  E  (=0  keV)  is  due  to  the 
annihilation  of  positrons  and  positronium  atoms  at  the  surface,  and  the  S  values  at  high  E  (>20 
keV)  include  the  information  of  the  substrate.  The  constant  S  values  for  E  =  10-15  keV  mean  that 
most  of  positrons  annihilate  in  the  films.  Solid  curves  show  the  fitting  results  [35]  of  positron 
diffusion  equation.  The  fitting  curves  well  reproduced  the  experimental  data,  and  the  values  of  S 
and  Ld  are  shown  as  a  function  of  tPl  at  293  K  obtained  by  TRPL  in  fig.  7:  in  fig.  7,  sample 
identification  is  written  in  the  order  of  growth  direction,  Ts,  and  substrate  material.  The  values  of 
Ld  for  both  the  epilayers  and  the  bulk  crystal  were  much  shorter  than  the  typical  one  (about  200- 
300  nm)  in  nearly  defect-free  materials  such  as  Si  [63]  and  GaAs  [64]  and  close  to  that  in  very 
low  threading  dislocation  density  GaN  [34],  As  shown  in  fig.  7,  all  the  epilayers  exhibited  larger 
S  and  shorter  Ld  compared  with  those  of  the  bulk  crystal,  indicating  the  presence  of  larger 
number  (greater  size)  positron  trapping  centers  (neutral  and  negatively-charged  VZn  and  Vz„ 
complexes)  and  positron  scattering  centers  (positively  charged  Vo,  Znj,  Oi,  and  complexes).  For 
ZnO/SCAM,  S  tended  to  decrease  with  the  increase  in  Tg  [30]  and  the  smallest  value  was 
obtained  from  the  film  grown  at  800°C,  although  Ld  was  the  shortest:  the  homoepitaxial  layers 
exhibited  smaller  S  parameters  but  relatively  short  Ld  [30],  From  the  results,  the  increase  in  T% 
and  lattice  matching  were  considered  to  be  effective  in  reducing  S  parameter  (VZn  density).  This 
observation  was  consistent  with  the  reduction  of  nonradiative  defect  density  with  increasing  T% 
for  ZnO/SCAM,  which  was  concluded  from  the  results  of  TRPL  measurements,  as  revealed  from 
figs.  6(b)  and  6(c).  It  should  be  noted  from  fig.  6(d)  that  S  parameters  of  (0001)  homoepitaxial 

films  and  (11  2  0)  film  were 

comparable  to  those  of  (000  I  ) 
homoepitaxial  films.  The  results 
implied  that  the  growth  polar 
direction  had  negligible  influence  on 
the  incorporation  of  VZn,  the  result 
being  different  from  the  case  for 
GaN  that  incorporation  of  impurities 
[65]  as  well  as  Vca  and  Vca- O  defect 
complexes  was  enormously 

enhanced  for  the  [0001]  polar  growth 
[34], 

To  discuss  the  origin  of 
nonradiative  defects  exist  in 
unintentionally  doped  ZnO,  tPl  at 
293  K,  which  is  the  representative  of 
xnr,  is  plotted  as  functions  of  S  and  Ld 
in  figs.  7(a)  and  7(b),  respectively. 

As  shown,  the  nonradiative  lifetime 
increased  with  the  decrease  in  S  and 
the  increase  in  Ld.  The  former  means 


293K 


Fig.  7  TRPL  decay  constants  of  the  near-band-edge  excitonic 
PL  peak  at  293  K,  which  in  general  determine  the  time- 
integrated  intensity  at  room  temperature,  in  the  bulk, 
heteroepitaxial,  and  homoepitaxial  ZnO  as  functions  of  (a)  S 
parameter  and  (b)  Ld.  Sample  identification  is  written  in  the 
order  of  growth  direction,  T%  in  bracket,  and  substrate 
material. 
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the  reduction  in  VZn-related  negatively  charged  defect  density  and  the  latter  means  the  reduction 
in  gross  density  of  positively  charged,  negatively  charged,  and  neutral  point  defects.  Because  Tnr 
did  not  have  a  perfect  correlation  with  T%  or  growth  orientations,  the  dominant  parameter  that 
limits  xnr  and  thereby  emission  efficiency  r|  at  300  K  must  be  the  gross  density  of  point  defects, 
which  are  incorporated  with  VZn  and  may  be  localized  around  structural  defects.  Certain  defects 
such  as  Vzn-defect  complexes  are  the  most  probable  candidates.  Here  we  should  mention  that 
TRPL  measurements  were  carried  out  by  monitoring  the  near-band-edge  excitonic  PL  peak,  and 
therefore  Tpl  includes  both  the  real  Tnr  and  carrier  transfer  time  to  deep  defect  levels  such  as  Vo, 
Zn;,  VZn  and  Vzn-defect  complexes.  Apparently,  some  of  them  are  radiative  defects  (origin  of 
green  luminescence  band:  GL),  but  they  reduce  the  experimental  Tnr.  However,  there  exist  other 
Vzn-defect  nonradiative  recombination  centers,  since  Tnr  of  the  samples  that  do  not  exhibit  GL 
band  also  obeyed  the  tendency  shown  in  fig.  7. 

Elimination  of  point  defects  as  a  fundamental  pathway  in  improving  quantum 
efficiency  of  excitonic  emissions  in  ZnO  epilayers 


From  figs.  6(b)  and  7,  Tnr  was  found  to  increase  with  increasing  Ts  for  ZnO/SCAM  samples. 
In  order  to  tremendously  improve  r|  in  ZnO  epilayers  at  300  K,  high-temperature  growth 
experiments  were  carried  out  using  the  high-temperature-annealed  ZnO  self-buffer  layers  [27]  on 
SCAM  substrates,  since  Tg  of  the  sample  sets  shown  in  figs.  6  and  7  was  much  lower  than  typical 
one  for  GaN  growth  (typically  1050-1100  °C  [39]).  Details  of  the  self-buffer  preparation 
procedure  has  been  given  in  ref.  [27].  Because  La  of  ZnO/SCAM  grown  at  800  °C  was  shorter 
than  those  grown  around  600  °C  (but  S  was  smaller),  as  shown  in  fig.  7,  nonequilibrium 
incorporation  of  positron  scattering  centers  such  as  interstitials  and  Vo  was  probable  during 
higher  temperature  growth.  To  suppress  the  enhanced  incorporation  of  those  positively  charged 


defects,  postgrowth  annealing  was  carried  out 
1000-nm-thick  ZnO  films  are  plotted  as 
functions  of  Tg,  cooling  rate,  and  ambient  O2 
pressure  during  cooling  in  fig.  8.  Note  that 
excitation  power  for  the  TRPL  measurements 
was  reduced  to  120  nJ/cm2  per  pulse  to  realize 
weak  excitation  regime,  in  which  exciton 
density  would  be  lower  than  overall 
nonradiative  defect  density  to  compare  Tnr, 
since  Tr  of  electron-hole  plasma  is  much  shorter 
than  that  of  exciton  spontaneous  emission.  As 
shown,  Tnr  tended  to  increase  with  the  increase 
in  Tg  and  decrease  in  cooling  rate  and  ambient 
O2  pressure.  The  value  reached  up  to  3.8  ns  for 
Tg=1020  °C  and  cooled  at  10  °C/min  in  10~6 
Torr  O2  ambient.  This  value  is  the  longest 
spontaneous  emission  lifetime  at  room 
temperature  ever  recorded  in  ZnO.  These 
results  imply  that  for  intermediate  T%  up  to 
1000  °C,  those  interstitials  out-diffused  during 
postgrowth  cooling  under  near  vacuum.  Indeed, 
Ld  of  the  samples  exhibiting  long  Tnr  increased 


imultaneously.  Values  of  Tpl  at  293  K  of  500- 
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Fig.  8  TRPL  decay  constants  of  the  near-band-edge 
excitonic  PL  peak  at  293  K,  which  in  general 
determine  the  time-integrated  intensity  at  room 
temperature,  in  ZnO  epilayers  grown  on  HITAB 
ZnO  [27],  The  epilayers  were  annealed  during 
cooling  after  the  growth  under  different  cooling 
rates  and  ambient  02  pressures. 
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Fig.  9  Representative  PL  spectrum  at  8K  of  the 
ZnO  epilayer  grown  on  HITAB  structure  (Tg= 
850°C,  Rc=-10°C/min.,  PO2=10"6  Torr).  For 

comparison,  PL  spectrum  of  the  bulk  ZnO  single 
crystal  measured  at  8  K  is  also  shown  (after  Ref. 
[6]) 

excited  using  the  325.0  nm  line  of  a  cw  He- 
Cd  laser  (2  mW),  at  8  K  of  the  improved  ZnO 
epilayer  grown  on  the  HITAB  structure 
(Tg=850  °C,  Rc=-10  °C/min.,  P02=l(r6  Torr) 
is  shown  in  Fig.  9.  As  shown,  rich  structures 
due  to  excitons  were  observed;  sharp  PL  lines 
between  3.35  and  3.374  eV  due  to  the 
recombination  of  excitons  bound  to  neutral  H, 
Al,  In,  and  other  impurities  and  defects  [59]; 
two-electron  satellites  (TES)  at  around  3.332 
eV  [20];  clearly  split  peaks  between  3.376 
and  3.394  eV  due  to  lower  and  upper 
polariton  branches  (transverse  and 
longitudinal  excitons)  of  A-  and  B-excitons 
(Ao>r,  A(0[  ,  Bo>r,  and  BcOl);  recombination  of 
the  excited  states  of  free  A-  and  B-excitons 
[A(n=2)  and  B(n=2)]  and  bound  excitons  around 
3.42  eV.  These  rich  exciton  features  have 
never  been  reported  for  ZnO  epitaxial  layers 
grown  by  a  variety  of  methods,  indicating  the 
excellent  quality  of  the  present  epilayers. 

TRPL  signal  measured  at  the  NBE  peak 
energy  of  the  same  sample  is  shown  as  a 
function  of  temperature  (7)  in  Fig.  10(a).  To 
visualize  the  improved  r|int,  which  is  defined 
as  the  PL  intensity  at  particular  T  divided  by 
that  at  8  K,  spectrally-integrated  normalized 


up  to  50  nm  or  longer  (the  film  thickness  of 
approximately  1  pm  was  too  thin  to  obtain  the 
"flat"  region  in  the  S-E  curve),  which  is 
comparable  to  that  in  the  bulk  ZnO.  For  the 
lowest  O2  pressure  of  10~9  Torr  (background 
O2  in  the  chamber),  the  annealing  higher  than 
1000  °C  caused  the  decrease  in  xnr,  which  may 
be  due  to  additional  introduction  of  vacancy- 
type  point  defects  and  dissociation  of  ZnO 
epilayers.  A  possibility  to  improve  Tnr  and 
hence  r|  of  exciton  emissions  at  room 
temperature  was  shown  using  high  T%  and 
appropriate  defect  management.  Since  p-type 
ZnO  was  realized  using  the  repeated 
temperature  modulation  epitaxy  [26],  in  which 
N  atoms  were  doped  at  low  T%  and  the  crystal 
quality  was  recovered  during  subsequent  high 
T%  growth,  this  defect  management  technique 
will  enable  to  observe  polariton  laser  effect  in 
the  near  future. 

High-resolution  PL  spectrum,  which  was 


CL  FI . .  .  '  1 

0  24  6  8  10  12  14  16  18  20 


TIME  (ns) 


Fig.  10  (a)  TRPL  signal  monitored  at  the  NBE  PL 
peak  energy  of  the  ZnO  epilayer  grown  on  the 
HITAB  structure  (rg=850°C,  7?c=-10°C/min., 

P 02=  1 O'6  Torr)  as  a  function  of  temperature  (7).  The 
inset  shows  the  spectrally  integrated  NBE  PL 
intensity  as  a  function  of  1  IT.  At  300  K,  t|int  was 
6.3%.  (b)  Values  of  xPL,  xr,  and  xnr  as  a  function  of  7) 
xr  and  x^  were  derived  from  xPL  and  r|jnt. 
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PL  intensity  is  plotted  as  a  function  of  1  IT  in  the  inset.  The  TRPL  signal  exhibited  nearly  single 
exponential  decay  shape,  and  xPL  increased  with  the  increase  in  T  from  10  to  275  K;  the  value  of 
xPL  is  plotted  as  a  function  of  T  in  Fig.  10(b).  This  observation  that  T|int  decreased  but  xPL 
increased  with  T  means  that  the  radiative  lifetime  (xr)  dominated  xPl  up  to  relatively  high 
temperatures.  The  values  of  xr  and  xnr  were  deduced  from  tPl  and  T|int  using  the  relations 
H int=  1/(1  +Tr/xnr)  and  l/xPL  =  l/x,+ 1/Tm,  and  are  plotted  in  Fig.  10(b).  Indeed,  the  critical 
temperature  at  which  xr  and  xnr  crossover  was  as  high  as  160  K,  and  long  xnr  (1.31  ns)  was 
obtained  at  300  K.  It  should  be  noted  that  r|int  was  6.3%  at  300  K,  which  is  approximately  an 
order  of  magnitude  higher  than  the  typical  value  reported  for  low  dislocation  density  GaN  [62] 
prepared  by  lateral  epitaxial  overgrowth  techniques. 

Conclusions 


Static  and  dynamic  responses  of  excitons  in  state-of-the-art  bulk  and  epitaxial  ZnO  were 
reviewed  to  support  the  possible  realization  of  polariton  lasers.  Following  four  important  topics 
were  treated  to  view  current  issues  and  to  indicate  a  way  in  improving  epilayer  qualities:  (i) 
Exciton-polariton  structures  in  bulk  and  epitaxial  ZnO  were  resolved  at  8  K,  and  the  energies  of 
PR  resonances  corresponded  to  those  of  UPB  and  LPB,  where  A-,  B-  and  C-excitons  couple 
simultaneously  to  an  electromagnetic  wave.  PL  peaks  due  to  the  corresponding  polariton 
branches  were  observed,  and  (Olt  of  the  corresponding  excitons  were  obtained  to  be  1.5,  11.1, 
and  13.1  meV,  respectively.  The  latter  two  values  are  more  than  two  orders  of  magnitude  greater 
than  that  of  GaAs  being  0.08  meV.  (ii)  Using  those  values  and  material  parameters, 
corresponding  £2Rabi  of  exciton-polaritons  coupled  to  a  model  MC  mode  was  calculated  to  be  191 
meV,  which  is  a  record  high  value  ever  reported  for  semiconductor  MCs.  The  value  satisfies  the 
requirements  to  observe  strong  exciton-light  coupling  regime  necessary  for  polariton  lasing 

above  room  temperature,  (iii)  Polarized  OR  and  PR  spectra  of  an  out-plane  nonpolar  (1120)  ZnO 
epilayer  were  measured,  because  ZnO  QWs  grown  in  nonpolar  orientations  are  expected  to  show 
higher  emission  efficiencies  due  to  the  elimination  of  spontaneous  and  piezoelectric  polarization 
fields  normal  to  the  QW  plane.  They  exhibited  in-plane  anisotropic  exciton  resonances  according 
to  the  polarization  selection  rules  for  anisotropically-strained  wurzite  material,  (iv)  Impacts  of 
point  defects  on  the  nonradiative  processes  in  L-MBE  ZnO  were  studied:  free  excitonic  PL 
intensity  at  room  temperature  naturally  increased  with  the  increase  in  xnr.  The  value  of  xnr 
increased  and  density  or  size  of  Vzn  defects  decreased  with  the  increase  in  Tg  in  heteroepitaxial 
films  grown  on  SCAM  substrate,  and  the  use  of  homoepitaxial  substrates  further  reduced  Vzn 
density.  The  value  of  xnr  was  shown  to  increase  with  the  decrease  in  gross  density  of  positively 
and  negatively  charged  and  neutral  point  defects  including  complexes  rather  than  with  the 
decrease  in  VZn  density.  The  results  indicate  that  nonradiative  recombination  process  is  governed 
not  by  single  point  defects,  but  by  certain  defects  introduced  with  the  incorporation  of  Vzn,  such 
as  Vzn-defect  complexes.  As  a  result  of  defect  elimination  by  growing  the  films  at  high  T% 
followed  by  subsequent  post-growth  in  situ  annealing,  combined  with  the  use  of  HITAB  ZnO,  a 
record  long  xnr  for  the  spontaneous  emission  as  long  as  3.8  ns  was  obtained  at  room  temperature. 
Also,  rich  structures  due  to  longitudinal-transverse  splitting  of  exciton-polaritons  and  excited 
states  of  excitons  were  found  in  the  low-temperature  PL  spectrum  of  the  epilayer  that  exhibited 
r|int=6.3%  at  300  K.  By  using  progressively  improving  epitaxial  growth  methods,  polariton  laser 
effect  due  to  Bose  condensation  will  be  observed  at  room  temperature  in  the  near  future. 
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Report  on  “Dielectric  SiCVZrC^  distributed  Bragg  reflectors  for  ZnO 
microcavities  prepared  by  reactive  helicon-wave-excited-plasma  sputtering 
and  electron  beam  (e-beam)  evaporation  methods” 

Abstract 

Distributed  Bragg  reflectors  (DBRs)  composed  of  multiple  quarter-wavelength  (A./4)  layers 
of  SiC>2  and  ZrC>2  were  prepared  by  the  home-made  three-source  e-beam  (EB)  evaporation  system 
and  reactive  helicon-wave-excited-plasma  sputtering  (R-HWPS)  methods,  in  order  to  obtain 
high-reflectivity  ( R )  mirrors  working  at  the  resonance  wavelength  of  B-excitons  in  ZnO  (366.5 
nm),  which  are  necessary  to  fabricate  cavity-coupled  exciton-polariton  laser  structure,  as  shown 
in  Fig.  4  of  the  preceding  chapter.  Especially,  R-HWPS  method  was  developed  for  the  first  time 
in  this  study.  According  to  the  surface-damage-free  nature  and  better  stoichiometry 
controllability  of  R-HWPS  method,  dense  films  exhibiting  ideal  refractive  indices  (1.46  for  Si02 
and  2.10  for  Zr02  at  633  nm,  being  similar  to  the  bulk  values)  having  small  RMS  values  for  the 
surface  roughness  (0.20  nm  for  Si02  and  0.53  nm  for  ZrC^)  were  deposited  at  room  temperature 
using  Si  and  Zr  targets  and  O2  gas.  Optical  reflectance  spectra  of  the  Si02/Zr02  DBRs  agreed 
with  those  calculated  using  the  optical  multilayer  film  theory,  and  the  8-pair  DBRs  exhibited  R 
higher  than  99.5%  at  around  366.5  nm  and  the  stop-band  width  ( R  >95%)  as  broad  as  82  nm.  The 
results  indicate  that  R-HWPS  is  a  suitable  technique  for  the  sputtering  of  insulating  films, 
especially  to  fabricate  the  DBRs  for  the  realization  of  polariton  lasers  using  ZnO  microcavities. 

Introduction 

In  recent  years,  planar  semiconductor  microcavities  (MCs)  using  distributed  Bragg  reflectors 
(DBRs)  are  attracting  much  attention 
because  of  the  possibility  in  enhancing 
light-extraction  efficiency  of  light- 
emitting-diodes  and  in  realization  of 
cavity-coupled  exciton-polariton 
lasers,  which  are  a  coherent  and 
monochromatic  light  source  based  on 
Bose  condensation  of  the  polaritons  in 
MCs  [1]  in  accordance  with  the  strong 
light-matter  coupling.  The  dispersion 
relation  of  exciton-polaritons  forming 
upper  and  lower  polariton  branches 
(UPB  and  LPB,  respectively)  is  shown 
schematically  in  the  left-hand-side 
panel  of  Fig.  1.  Longitudinal- 
transverse  splitting  of  the  exciton 
(cQlt),  which  is  the  energy  difference 
between  the  longitudinal  and 
transverse  excitons  (col  and  ci>r, 
respectively)  at  the  wavevector  k= 0, 
represents  the  stability  of  exciton- 
polaritons.  Once  zero  vector  k  is 
locked  at  the  cavity-mode  represented 
by  the  dotted  line,  the  energy 
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Fig.  1.  Dispersion  relation  of  exciton-polaritons  (left-hand 
side)  and  a  model  ZnO  MC  consisted  of  ZnO  /.///-cavity 
sandwiched  between  8  pairs  of  Si02/Zr02  and  7  pairs  of 
Zr02/Si02  dielectric  DBRs  of  A/4//  layers  (right-hand  side). 
Dashed  lines  show  the  dispersion  of  isolated  excitons  and 
light  in  the  material.  Longitudinal-transverse  splitting  of  the 
exciton  coLT,  which  is  the  energy  difference  between  coL  and 
coT  at  wavevector  k= 0,  represents  the  stability  of  exciton- 
polaritons.  Once  k  is  locked  at  the  dotted  line,  UPB  and  LPB 
is  also  locked  and  the  vacuum  field  Rabi  splitting  nRabi  has 
much  larger  value  than  the  initial  coLT. 
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difference  between  UPB  and  LPB  (vacuum  field  Rabi  splitting  GRabi)  becomes  larger  than  the 
initial  (Olt,  which  indicate  the  enhanced  coupling  between  the  light  and  excitons.  Bose 
condensation  of  the  cavity  polaritons  can  eventually  be  initiated  by  generating  exciton-polaritons 
at  the  bottom  of  the  lowest  polariton  branch  at  the  k  [1]. 

Since  excitons  in  ZnO  are  stable  at  300  K  and  (Olt  of  the  B-exciton  has  been  reported  to  be 
as  large  as  11  meV  [4-6],  which  is  more  than  two  orders  of  magnitude  larger  than  that  of  GaAs 
being  0.08  meV,  ZnO  is  of  considerable  interest  for  the  room  temperature  operation  of  polariton 
lasers  [7,8].  Indeed,  Zamfirescu  et  al.  [7]  predicted  a  huge  GRabi  up  to  120  meV  for  cavity 
polaritons  in  the  model  MC  consisted  of  ZnO  wavelength-cavity  (kin- cavity,  where  n  is  the 
refractive  index)  sandwiched  between  Mgo.3Zno.7O  /  ZnO  DBRs  having  14  and  15  pairs  of 
quarter-wavelength  (k!4n)  layers  in  the  top  and  bottom  mirrors,  respectively.  The  predicted  £2Rabi 
value  was  later  modified  up  to  191  meV  (Ref.  [8]),  which  is  the  record  high  value  in 
semiconductor  MCs,  in  the  model  MC  consisted  of  ZnO  kin- cavity  with  7  and  8  pairs  of 
Zr02/Si02  dielectric  DBRs,  as  shown  schematically  in  Fig.  1.  The  reason  why  the  authors  chose 
[8]  Si02/Zr02  DBRs  was  that  they  are  transparent  for  ultraviolet  (UV)  lights  and  the  combination 
can  realize  high  refractive  index  contrast  that  gives  rise  to  high  reflectivity  ( R )  and  wide  stop- 
band  width  (AX),  which  is  defined  as  the  bandwidth  for  R> 95%,  even  for  small  pair  numbers  N. 
Note  that  in  the  calculation  in  Ref.  [8]  and  in  this  report,  cavity  photon  mode  was  placed  at  3.383 
eV  (366.5  nm)  at  zero  detuning  from  the  B-exciton  resonance  in  ZnO  and  n  of  ZnO,  Si02,  and 
Zr02  at  366.5  nm  were  taken  as  2.00  [7],  1.48  [9],  and  2.10  [10],  respectively.  Corresponding 
layer  thicknesses  were  183.2,  61.9,  and  44.7  nm  for  ZnO,  Si02,  and  Zr02,  respectively. 

Because  the  gross  R  of  DBRs  is  sensitive  to  the  thickness  and  n  of  each  layer  and  the 
interface  sharpness,  soft-deposition  of  very  thin  and  flat  dielectric  films  is  mandatory.  Dry 
processes  such  as  electron-beam  (EB)  evaporation,  ion-beam  assisted  deposition,  plasma- 
enhanced  chemical  vapor  deposition,  and  sputtering  have  usually  been  used  to  deposit  dielectric 
films.  Among  these,  sputtering  can  prepare  large-area  films  of  well-controlled  compositions 
economically.  Therefore,  metals  of  high  melting  temperature,  transparent  conducting  oxides 
(TCOs),  and  photovoltaic  layer  structures  have  been  prepared  by  sputtering  techniques.  However, 
there  are  some  essential  problems  such  as  resputtering  and  surface-damage  caused  by  high 
energy  sputtering  particles.  To  overcome  these  problems,  we  have  proposed  [11]  the  use  of 
helicon- wave-excited  plasma  (HWP),  of  which  physics  and  experiments  have  been  reported  in 
the  early  1990s  [12-14],  as  a  plasma  source  for  the  sputtering  of  thin  films.  The  HWP  can  be 
excited  remotely  under  relatively  high  vacuum  (=10~2  Pa)  producing  a  high  density  but  low  ion- 
energy  plasma;  the  sputtering  energy  of  Ar  cations  can  be  independently  controlled  by  the  target 
bias  V,.  Accordingly,  very  smooth,  highly  [0001] -oriented,  low-resistivity  (5xl0~4  G  em)  Al- 
doped  ZnO  (ZnO:Al)  TCO  films  [11,15]  and  completely  cz-axis-locked  (0001)  ZnO  and  MgxZni. 
xO  epilayers  [16]  have  been  successfully  grown  according  to  the  surface-damage-free  nature;  the 
technique  was  named  helicon-wave-excited-plasma  sputtering  (HWPS)  method.  However, 
dielectric  films  have  not  yet  been  deposited  by  HWPS,  since  the  Vt  cannot  be  applied  on  the 
insulating  targets  such  as  Si02  or  Zr02. 

In  this  Chapter,  development  of  reactive  HWPS  (R-HWPS)  method  is  described  to  deposit 
Si02  and  Zr02  dielectric  films  and  their  multilayer  DBRs  tuned  at  the  resonance  wavelength  of 
B-excitons  in  ZnO,  being  suitable  for  ZnO  microcavities.  Dense  and  smooth  single  films  and 
DBRs  exhibiting  R  >99.5%  at  around  366.5  nm  with  Ak=  82  nm  were  obtained  by  the  room 
temperature  deposition. 

Experimental 
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A  schematic  representation  of  the  HWPS  system  will  be  found  elsewhere  [11,16], 
Approximately  100-nm-thick  single  films  of  SiC>2  and  ZrC>2  as  well  as  SiCVZrC^  DBR  structures 
were  deposited  using  a  high  purity  undoped  Si  wafer  and  a  99.9%-pure  undoped  Zr  metal  as 
targets,  which  were  placed  on  multi-target  holders.  The  HWP  excited  in  a  quartz  tube  from  the 
99.9995%-pure  Ar  /  99.99995%-pure  O2  mixture  with  O2  /  (Ar  +  O2)  ratios  between  0  and  0.6 
was  introduced  into  the  chamber  by  the  weak  magnetic  field  gradient,  and  the  velocity  of  Ar 
cations  onto  the  target  was  accelerated  by  the  negative  dc  Vt.  Our  configuration  enables 
depositing  thin  films  softly  according  to  the  elimination  of  plasma  bombardment  of  the  film 
surface,  of  which  substrate  was  located  off-axis  from  the  azimuth  connecting  the  center  of  the 
quartz  tube  and  the  target.  The  soda-lime-silica  glasses  and  Si  wafers  were  used  as  substrates. 
Typical  rf  power,  Vt,  and  deposition  pressure  were  300  W,  -400  V,  and  0.2  Pa,  respectively.  The 
deposition  was  carried  out  at  room 
temperature,  and  the  substrate  temperature 
was  unintentionally  increased  to  90  °C.  For 
comparison,  SiC>2  and  ZrC>2  single  films  and 
DBRs  were  deposited  by  EB  evaporation 
using  SiC>2  and  ZrC>2  pellets. 


Results  and  discussion 

Single  films  of  SiC>2  and  ZrC>2  had  a 
dense  smooth  surface  with  amorphous 
microstructures,  as  shown  in  the  atomic- 
force-microscopy  (AFM)  images  on  the  left- 
hand-side  panels  of  Figs.  2(a)  and  2(b), 
respectively,  while  those  of  the  films  prepared 
by  EB  evaporation  exhibited  granular 
structures  (right-hand  side  panels).  The 
surface  morphology,  flatness,  and  n  of  each 
film  were  strongly  influenced  by  02/(Ar+02). 
The  RMS  surface  roughness  took  the  smallest 
values  for  O2/(Ar+O2)=0.25,  namely  0.2  nm 
for  SiC>2  and  0.53  nm  for  ZrC>2.  They  are 
smaller  than  those  of  the  films  deposited  by 
EB  evaporation  (0.47  nm  for  SiC>2  and  1.37 
nm  for  ZrC^).  Values  of  n  for  the  best  films 
were  measured  by  an  ellipsometry  at  633  nm 
to  be  1.46  for  SiC>2  and  2.10  for  ZrC>2,  which 
agreed  with  those  of  the  bulk  SiC>2  (Ref.  [9]) 
and  ZrC>2  (Ref.  [10]).  The  RMS  roughness 
increased  and  the  amorphous  grain  size 
decreased  with  increasing  CVlAr+C^)  greater 
than  0.25,  indicating  the  importance  of  gas 
phase  and  hence  solid  phase  stoichiometry. 
Simultaneously,  n  of  the  films  tended  to 
decrease  with  02/(Ar+02).  The  results 
indicate  that  n  is  connected  with  the  film 
packing  density;  high  n  can  be  obtained  for 
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Fig.  2  Representative  AFM  images  of  (a)  Si02  and  (b) 
Zr02  films  deposited  by  R-HWPS  for  02/(Ar+ 
O2)=0.25.  For  comparison,  those  of  the  films 
deposited  by  EB  evaporation  are  shown  in  the  right- 
hand  side  panels.  The  RMS  values  of  the  surface 
roughness  and  refractive  indices  n  of  (a)  Si02  and  (b) 
Zr02  films  are  plotted  as  a  function  of  02/(Ar+  02). 
Corresponding  values  of  the  bulk  Si02  and  Zr02  and 
those  of  the  films  prepared  by  EB  evaporation  are 
indicated  by  arrows  on  the  vertical  axes  for 
comparison. 


36 


dense  films  having  less  porous  character  [17].  As  a  matter  of  fact,  n  of  the  films  deposited  by  EB 
evaporation  (1.43  for  SiC>2  and  1.93  for  ZrC>2)  were  far  smaller  than  the  bulk  value. 

The  improvements  in  the  film  properties  using  R-HWPS  compared  to  EB  evaporation  are 
due  to  the  reactive  (surface-damage-free)  nature  and  better  stoichiometry  controllability,  as 
follows.  In  case  of  EB  evaporation,  SiOx  or  ZrOx  molecules  and/or  clusters  are  evaporated  by  the 
EB  bombardment  of  SiC>2  or  ZrC>2  pellet.  Because  the  molecules  /  clusters  hardly  migrate  on  the 
surface,  the  resultant  films  in  general  have  granular  structure.  Conversely,  excited  neutral  Si  or 
Zr  as  well  as  atomic  one  can  be  sputtered  by  the  HWP  accelerated  by  Vt  and  they  react  with  O2 
at  the  surface  after  proper  migration  for  R-HWPS,  resulting  in  the  smooth  surface.  The 
generation  of  excited  atomic  species  during  HWPS  have  been  evidenced  from  the  plume 
emission  spectra  of  ZnO  and  MgZnO  targets  [16],  in  which  the  film  growth  rate  increased 
linearly  with  Zn  and  Mg  emission  intensity.  The  separate  feeding  of  Si  (or  Zr)  and  O2 
eventually  enables  precise  stoichiometry  control.  The  unwanted  increase  in  the  RMS  roughness 
value  for  02/(Ar+02)  >  0.5  is  considered  to  be  due  to  the  molecule  formation  owing  to  the  O2 
overpressure  (nonstoichiometry). 

Normal-incidence  optical  reflectance  (OR)  spectra  of  the  model  Si02/Zr02  DBRs  were 
calculated  as  a  function  of  N  by  the  optical  multilayer  film  equations  [18]  using  the  values  listed 
above.  Note  that  n  values  of  Si02  and  Zr02  used  for  the  calculation  were  measured  as  a  function 
of  X  by  the  spectroscopic  ellipsometry  using  the  single  films  deposited  on  Si  substrates.  The 
result  for  /V=8  is  shown  by  the  dotted  line  in  Fig.  3.  Also,  calculated  R  at  366.5  nm  and  AX  are 
shown  as  a  function  of  N  in  the  inset.  As  shown,  R  higher  than  99.5%  and  AX=63.9  nm  were 
obtained  for  /V=8,  predicting  the  high  performance  of  the  model  dielectric  DBRs. 

Normal-incidence  OR  spectra  of  the  DBRs  were  measured  at  293  K  using  a  white  light  from 
a  Xe  lamp.  Reflected  light  was  dispersed  by  a  grating  monochromator  and  detected  using  a 
charge-coupled  device  array,  where  the 
absolute  R  values  were  carefully 
calibrated  using  the  A1  mirror.  The  OR 
spectra  of  8-pair  Si02/Zr02  DBRs 
deposited  by  R-HWPS  and  EB 
evaporation  nearly  agreed  with  the 
calculated  one,  as  shown  by  red  and  black 
lines  in  Fig.  3,  respectively.  The  DBR 
deposited  by  R-HWPS  exhibited  very 
high  R  higher  than  99.5%  at  around  366.5 
nm.  However,  its  central  X  was 
approximately  360  nm  and  AX  was  82  nm, 
the  latter  being  18  nm  wider  than  the 
calculated  value.  In  addition,  R  minima  in 
the  side  fringes  did  not  reach  zero.  These 
deviations  are  considered  to  be  due  to  the 
considerable  variation  in  the  optical 
thickness  of  the  layers  arising  from 
fluctuations  in  actual  thickness  and  higher 
index  contrast  between  Si02  and  Zr02 
layers.  Nevertheless,  maximum  R  was 
higher  and  AX  was  wider  than  those  of  the 
DBR  deposited  by  EB  evaporation,  the 
results  indicate  the  superior  performance 


Fig.  3  Theoretically  calculated  OR  spectrum  of  the 
model  8-pair  Si02/Zr02  DBR  (dotted  line)  and  measured 
OR  spectra  of  the  8-pair  Si02/Zr02  DBRs  deposited  by 
R-HWPS  (thick  solid  line)  and  EB  evaporation  (thin 
solid  line).  The  inset  shows  the  reflectivity  R  at  366.5 
nm  and  AX,  which  is  defined  as  the  bandwidth  having  R 
higher  than  95%,  as  a  function  of  pair  number  N. 
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of  R-HWPS  method  in  terms  of  higher  packing  density,  higher  index  contrast,  and  sharper 
heterointerfaces. 


Conclusion 

In  summary,  R-HWPS  method  was  developed  to  fabricate  SiCV  ZrC>2  dielectric  DBRs 
suitable  for  the  use  in  ZnO  MCs  operating  at  366-nm  UV  lights.  According  to  the  surface- 
damage-free  nature  and  better  stoichiometry  controllability,  dense  and  smooth  SiC>2  and  ZrC>2 
films  exhibiting  ideal  n  values  were  successfully  deposited  at  room  temperature.  The  8-pair  DBR 
exhibited  R  higher  than  99.5%  and  82-nm-bandwidth.  Since  high-quality  ZnO  and  MgZnO 
epilayers  and  ZnO:Al  TCO  films  have  already  been  grown  using  HWPS  method,  present 
achievements  may  enable  to  fabricate  the  MC  structures  without  ever  exposing  the  interfaces  in 
air. 

References 

[1]  F.  Tassone,  C.  Piermarocchi,  V.  Savona,  A.  Quattropani,  and  P.  Schwendimann,  Phys.  Rev. 
B  56,  7554  (1997);  G.  Malpuech,  A.  Kavokin,  A.  Di  Carlo,  and  J.  J.  Baumberg,  ibid  65, 
153310(2002). 

[2]  C.  Weisbuch,  M.  Nishioka,  A.  Ishikawa,  and  Y.  Arakawa,  Phys.  Rev.  Lett.  69,  3314  (1992). 

[3]  A.  Imamoglu,  R.  J.  Ram,  S.  Pau,  Y.  Yamamoto,  Phys.  Rev.  A  53,  4250  (1996). 

[4]  K.  Hummer  and  P.  Gebhardt,  Phys.  Status  Solidi  (b)  85,  271  (1978). 

[5]  J.  Lagois,  Phys.  Rev.  B  23,  5511  (1981). 

[6]  S.  F.  Chichibu,  T.  Sota,  G.  Cantwell,  D.  B.  Eason,  and  C.  W.  Litton,  J.  Appl.  Phys.  93,  756 
(2003). 

[7]  M.  Zamfirescu,  A.  Kavokin,  B.  Gil,  G.  Malpuech,  and  M.  Kaliteevski,  Phys.  Rev.  B  65, 
161205R  (2002). 

[8]  S.  F.  Chichibu,  A.  Uedono,  A.  Tsukazaki,  T.  Onuma,  M.  Zamfirescu,  A.  Ohtomo,  A. 
Kavokin,  G.  Cantwell,  C.  W.  Litton,  T.  Sota,  and  M.  Kawasaki,  Semicond.  Sci.  Technol.  20, 
S67  (2005). 

[9]  G.  E.  Jellison,  Jr.,  J.  Appl.  Phys.  69,  7627  (1991). 

[10]  C.  West,  CRC  Handbook  of  Chemistry  and  Physics,  (CRC  Press,  Boca  Raton,  FL,  1984). 

[11]  K.  Yamaya,  Y.  Yamaki,  H.  Nakanishi,  and  S.  Chichibu,  Appl.  Phys.  Lett.  72,  235  (1998). 

[12]  F.  Chen,  Plasma  Phys.  and  Controlled  Fusion,  33,  339  (1991);  J.  Vac.  Sci.  Technol.  A  10, 
1389  (1992). 

[13]  R.  Boswell,  Proc.  of  21st  Int'l  Conf  on  Phenomena  in  Ionised  Gases,  eds.  G.  Ecker,  U. 
Arendt,  J.  Boseler,  and  A.  Brunn  (Arbeitsgemeinschaft  Plasma  Physik,  Bochum,  1993), 

pp.18. 

[14]  T.  Nakano,  K.  Giapis,  R.  Gottscho,  T.  Lee,  and  N.  Sadeghi,  J.  Vac.  Sci.  Technol.  B  11,  2046 
(1993). 

[15]  S.  F.  Chichibu,  T.  Ohmori,  N.  Shibata,  T.  Koyama,  and  T.  Onuma,  Appl.  Phys.  Lett.  85, 
4403  (2004). 

[16]  S.  F.  Chichibu,  T.  Yoshida,  T.  Onuma,  and  H.  Nakanishi,  J.  Appl.  Phys.  91,  874  (2002);  T. 
Koyama,  T.  Onuma,  and  S.  F.  Chichibu,  Appl.  Phys.  Lett.  83,  2973  (2003);  T.  Koyama  and 
S.  F.  Chichibu,  J.  Appl.  Phys.  95,  7856  (2004);  T.  Koyama,  T.  Ohmori,  N.  Shibata,  T. 
Onuma,  and  S.  F.  Chichibu,  J.  Vac.  Sci.  Technol.  B  22,  2220  (2004). 

[17]  for  example,  see  M.  Rothschild,  D.  J.  Ehrlich,  and  D.  C.  Shaver,  Appl.  Phys.  Lett.  55,  1276 
(1989);  E.  N.  Glezer  and  E.  Mazur,  Appl.  Phys.  Lett.  71,  882  (1997). 


38 


[18]  for  example,  see  S.  Fujihara,  K.  Ishiguro,  H.  Ikeda,  and  H.  Yokota,  Optical  Thin  Films 
(Kyoritsu,  Tokyo,  1985);  X.  Wang,  H.  Masumoto,  Y.  Someno,  and  T.  Hirai,  J.  Vac.  Sci. 
Technol.  A  17,  206  (1999). 


39 


Report  on  “Strain-relaxation  in  NH3-source  molecular  beam  epitaxy  of  AIN 
epilayers  on  GaN/Al203  epitaxial  templates  prepared  by  MOVPE” 

Abstract 

As  the  first  step  to  fabricate  AlGaN/AlGaN  heterostructures  for  our  DBR,  AIN  films  were 
grown  by  NH3-MBE  on  the  GaN/Al203  epitaxial  templates  prepared  by  MOVPE.  Temporal 
evolution  of  surface  morphology  in  AIN  epilayers  grown  by  NH3-source  molecular  beam  epitaxy 
on  the  GaN  /  (0001)  AI2O3  epitaxial  templates  was  correlated  with  changes  in  sign  and  degree  of 
the  residual  strain  by  increasing  the  layer  thickness.  They  began  to  crack  for  the  thickness  as  thin 
as  10  nm.  However,  atomic-layer  step-and-terrace  surface  structures  were  maintained  for  the 
thickness  up  to  32  nm.  Tensile  biaxial  stress  decreased  with  further  increase  in  the  thickness  due 
to  the  lattice  relaxation,  which  caused  surface  roughening.  An  1580-nm-thick,  nearly  strain- 
compensated  AIN  epilayer,  of  which  threading  dislocation  density  was  reduced  down  to  5xl09 
cm'2,  exhibited  excitonic  photoluminescence  peaks  at  6.002  and  6.023  eV  at  9  K  and  a  near- 
band-edge  peak  at  5.872  eV  at  293  K.  We  will  grow  AlN/AlGaN  or  AlGaN/AlGaN  DBRs  in  the 
future. 

Introduction 

One  of  the  merits  of  molecular  beam  epitaxy  (MBE)  over  metalorganic  vapor  phase  epitaxy 
(MOVPE)  is  the  possible  preparation  of  atomically  abrupt  heterointerfaces,  which  is  really 
important  for  the  DBR  application  we  are  investigating.  Efforts  to  make  use  of  advantages  of 
both  MBE  and  MOVPE  enabled  to  obtain  a  record  high  two-dimensional  electron  gas  mobility  in 
AlxGai.xN  /  GaN  heterostructures  [1]  and  to  fabricate  InxGai_xN  /  GaN  quantum  well  light 
emitting  diodes  and  laser  diodes  [2]:  those  heterostructures  were  grown  by  MBE  on  GaN  /  (0001) 
AI2O3  epitaxial  templates  prepared  by  MOVPE.  Recently,  proper  feeding  of  NH3  flux  and  the 
insertion  of  flux-modulated  GaN  (FM-GaN),  in  which  Ga  flux  was  supplied  intermittently  during 
heating  the  GaN  templates  up  to  the  growth  temperature  (Tg=800°C),  have  been  shown  to 
improve  the  surface  morphology,  Hall  mobility,  and  photoluminescence  (PL)  qualities  of  GaN 
homoepitaxial  layers  grown  by  NH3-source  MBE  (NH3-MBE)  [3],  However,  surface  crevices 
originating  from  dislocation  pits  of  the  GaN  templates  yet  remained.  In  order  to  eliminate  them, 
the  use  of  an  AIN  layer  grown  at  high-temperature  (HT-A1N)  must  be  effective,  since  the  density 
of  both  the  edge-  and  screw-type  threading  dislocations  (TDs)  in  GaN  overlayers  has  been  shown 
to  decrease  by  the  use  of  HT-A1N  [4,  5],  Also,  the  growth  of  crack-free  AIN  on  GaN  may  enable 
to  fabricate  quantum  heterostructure  devices  having  large  band  offsets. 

In  this  Chapter,  strain  states  and  their  influence  on  the  surface  morphology  of  HT-A1N 
grown  by  NH3-MBE  on  the  GaN  /  (0001)  AI2O3  templates  are  discussed  as  a  function  of  HT-A1N 
thickness.  The  residual  strain  changed  from  tensile  to  compressive  with  increasing  the  thickness 
due  to  the  lattice  relaxation,  and  the  disappearance  of  surface  atomic-layer  step-and-terrace 
structures  was  attributed  to  the  introduction  of  cracks.  Nevertheless,  an  1580-nm-thick  AIN,  of 
which  threading  dislocation  density  was  reduced  down  to  5xl09  cm"2,  exhibited  an  excitonic  PL 
peak  at  6.002  eV  with  a  shoulder  at  6.023  eV  at  9  K  and  a  near-band-edge  (NBE)  peak  at  5.872 
eV  at  293  K. 

Experiment 

Approximately  10-  to  1580-nm-thick  HT-A1N  were  grown  by  NH3-MBE  on  1400-nm-thick 
undoped  GaN  templates  prepared  by  MOVPE.  The  templates  had  an  atomically  flat  surface  with 
one  monolayer  (ML)-high  step-and-terrace  structures,  as  shown  in  Fig.  1(a).  The  TD  density 
(TDD)  near  the  surface  was  approximately  109  cm"2  (TEM  result  will  be  shown  later).  The 
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Fig.  1.  AFM  images  of  the  surface  of  (a)  GaN  /  (0001)  A1203  epitaxial  template  and  those  for  (b)  10-nm, 
(c)  32-nm,  (d)  60-nm,  (e)  470-nm,  and  (f)  626-nm-thick  HT-A1N.  (c’)  A  cross-sectional  height  profile  of 
the  32-nm-thick  HT-A1N  is  also  shown;  the  0.25-nm  step  height  corresponds  to  a  half  of  the  c-lattice 
parameter  [7], 


growth  was  initiated  with  2-  to  6-ML-thick  AIN  deposition  at  550  °C  (LT-A1N),  followed  by  the 
HT-A1N  growth  at  830  °C  using  a  metallic  A1  and  an  uncracked  NH3  gas.  The  growth  pressure 
was  kept  between  9x1 0~6  and  3x1 0~5  Torr,  while  the  base  pressure  was  lower  than  lxlO"9  Torr. 
The  A1  beam  equivalent  pressure  and  NH3  flow  rate  were  2.3xl0"7  Torr  and  60-100  seem, 
respectively.  The  typical  growth  rate  was  375  nm/h. 


Results  and  discussion 

Atomic-force  microscopy  (AFM)  images  of  HT-A1N  are  shown  in  Figs.  l(b)-l(f)  as  a 
function  of  the  layer  thickness.  The  surface  flatness  as  well  as  step-and-terrace  structures  were 
maintained  for  the  layers  thinner  than  32  nm,  as  shown  in  Figs.  1(b),  1(c),  and  l(c’).  The  results 
indicate  that  a  few-ML- thick  LT-A1N  functioned  as  an  wetting  layer  [6]  as  well  as  a 
decomposition-shielding  layer  for  the  GaN  templates,  as  is  the  case  with  FM-GaN  [3],  The  value 
of  RMS  roughness  of  those  HT-A1N  was  as  small  as  0.51  nm,  which  nearly  corresponds  to  2 
MLs  [7],  However,  as  expected  from  extremely  thin  critical  thickness  of  AIN  on  GaN  (0.5-0.75 
nm)  [8,  9],  certain  precursors  of  cracks  were  already  formed  as  microscopic  pits  aligned  along  IT- 
100]  directions,  as  shown  in  Figs.  1(b)  and  1(c).  They  developed  into  distinct  cracks  having  a 
hexagonal  network  with  an  average  spacing  of  1-2  pm,  as  shown  in  Fig.  1(d).  With  further 
increase  in  the  thickness,  three-dimensional  (3D)  nuclei  appeared  between  the  cracks,  and  finally 
they  formed  3D  domains,  as  shown  in  Figs.  1(e)  and  1(f). 

These  morphological  evolution  is  correlated  with  the  residual  strain,  as  follows.  As  shown  in 
the  20-co  x-ray  diffraction  (XRD)  patterns  in  Fig.  2(a),  the  intensity  of  the  (0002)  AIN  diffraction 
peak  increased  and  the  value  of  full  width  at  half  maximum  (FWHM)  decreased  to  150  s  with  the 
increase  in  thickness  from  10  to  1580  nm.  The  change  in  the  FWHM  value  is  explained  by  the 
Sherrer's  limit  for  the  films  thinner  than  100  nm  (data  plot  not  shown).  To  visualize  the  strain 
evolution  in  HT-A1N,  the  c-lattice  parameter,  which  was  calculated  from  the  position  of  (0002) 
diffraction  peak,  is  plotted  as  a  function  of  thickness  in  Fig.  2(b).  For  comparison,  the  value  of 
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Fig.  2.  (a)  20-00  XRD  patterns  and  (b)  c-lattice  parameters  of  HT-A1N  grown  on  the  GaN  templates  as  a 
function  of  HT-A1N  thickness.  The  horizontal  arrows  in  (b)  show  the  c-lattice  parameters  of  bulk  AIN  [7] 
and  strained  epilayers  according  to  the  pseudomorphic  model  and  thermal  stress  model  [10,  11].  The 
vertical  arrow  shows  a  critical  thickness  in  the  AIN  /  GaN  heteroepitaxy. 


bulk  AIN  (0.4982  nm)  [7]  and  those  of  strained  AIN  epilayers  calculated  according  to  [10,  11] 
the  pseudomorphic  model  (0.4947  nm)  and  thermal  stress  model  (0.4990  nm)  are  shown  by 
horizontal  arrows.  In  the  former  model,  the  in-plane  a-lattice  parameter  was  set  equal  to  that  of 
the  GaN  template  and  c-lattice  parameter  was  calculated  based  on  the  quasi-cubic  approximation, 
ezz=-2(Ci3/C33)exx,  where  ezz  and  exx  are  out-plane  and  in-plane  strains,  respectively,  and  C13  and 
C33  are  the  elastic  stiffness  constants  [12].  In  the  latter  model,  epilayer  was  assumed  to  be  fully 
relaxed  at  Ts  and  elastically  strained  during  cooling  due  to  the  difference  of  thermal  expansion 
coefficients  [13,  14]  between  AIN  and  AI2O3.  As  shown,  the  pseudomorphic  tensile  biaxial  stress 
partly  remained  for  HT-A1N  thinner  than  approximately  1000  nm.  However,  the  stress  decreased 
with  increasing  thickness  due  to  the  gradual  lattice  relaxation,  which  is  considered  to  be  the 
source  of  pits,  cracks,  and  3D  growth  observed  in  Fig.  1.  Note  that  the  lattice  mismatch  between 
GaN  and  AIN  is  as  large  as  2.3  %,  and  the  1580-nm-thick  HT-A1N  is  considered  to  be  mostly 
relaxed  at  T„,  as  is  the  case  with  the  1 -Jim-thick  AIN  /  (0001)  AI2O3  grown  by  MOVPE  [15]. 

The  symmetric  (0002)  AIN  and  asymmetric  (10-12)  AIN  XRD  co-rocking  curves  of  the 
1580-nm-thick,  nearly  strain-compensated  HT-A1N  on  the  GaN  template  are  shown  in  Fig.  3(a). 


1580-nm  AIN  /  GaN  template  /  (0001)  A^03 
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Fig.  3.  (a)  (0002)  AIN  and  (10-12)  AIN  XRD  co-rocking  curves,  (b)  cross-sectional  TEM  image,  and  (c) 
PL  spectra  measured  at  9  K  and  293  K  of  the  1580-nm-thick  HT-A1N  epilayer  on  GaN/Al203  epitaxial 
template.  The  increase  of  the  PL  intensity  higher  than  6.1  eV  is  due  to  the  scattering  of  the  193  nm  line 
of  an  ArL  excimer  laser. 
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The  FWHM  values  were  420  s  and  960  s,  respectively,  indicating  the  presence  of  predominantly 
edge-component  and  certain  screw-component  TDs  [16].  Values  of  TDD  near  the  surface  regions 
of  HT-A1N  and  GaN  template  were  estimated  by  transmission  electron  microscopy  to  be  6xl09 
and  2xl09  cm'2,  respectively,  as  shown  in  Fig.  3(b).  The  former  value  is  lower  than  that  of  the 
AIN  epilayer  directly  grown  on  (0001)  AI2O3  by  MOVPE  being  lxlO10  cm"2  [15],  and  the  result 
encourages  to  grow  low  TDD  GaN  overlayers.  PL  spectra  of  the  same  sample  excited  by  the  193 
nm  line  of  an  ArF  excimer  laser  (5  mJ,  defocused)  are  shown  in  Fig.  3(c).  The  spectrum 
measured  at  9  K  exhibited  an  excitonic  [17]  PL  peak  at  6.002  eV  with  a  shoulder  at  6.023  eV. 
The  energies  are  close  to  that  of  the  major  cathodoluminescence  peak  at  77  K  (6.052  eV)  [18]  of 
the  compressively-strained  AIN  /  (0001)  AI2O3  grown  by  MOVPE  [15].  The  NBE  peak  was  also 
observed  at  5.872  eV  (211.1  nm)  at  293  K,  indicating  certainly  low  density  of  nonradiative 
recombination  channels.  The  achievement  of  low  TDD  HT-A1N  exhibiting  NBE  deep  ultraviolet 
(211.1  nm)  PL  peak  at  room  temperature  encourages  one  to  grow  high  quality  AIN  layers  for  2D 
GaN-  and  AlGaN-based  heterostructures  by  NH3-MBE. 

Conclusion 

The  atomic-layer  step-and-terrace  surface  structures  were  obtained  for  the  AIN  epilayers 
thinner  than  32  nm,  which  were  grown  by  NH3-MBE  on  the  GaN  /  (0001)  AI2O3  epitaxial 
templates.  The  residual  tensile  strain  in  HT-A1N  decreased  with  the  increase  in  the  layer 
thickness  due  to  the  lattice  relaxation,  and  the  surface  morphology  simultaneously  degraded  due 
to  the  formation  of  pits,  cracks,  and  3D  nuclei.  Nevertheless,  nearly  strain-compensated  1580- 
nm-thick  AIN,  of  which  TDD  was  reduced  down  to  5xl09  cm"2,  exhibited  an  excitonic  PL  peak 
at  6.002  eV  with  a  shoulder  at  6.023  eV  at  9  K,  and  a  NBE  peak  at  5.872  eV  at  293  K.  We  are 
going  to  prepare  AlN/AlGaN  or  AlGaN/AlGaN  DBR  in  the  near  future. 
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